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Solid-state nanopore sensors have attracted considerable attraction as a tool for solutionbased single-molecule studies and have been successfully utilized for characterization of
biomolecules such as nucleic acids, proteins, glycans, viruses, etc. Among these, characterization
of proteins has been more challenging due to their charge heterogeneity and the complex energy
landscape associated with different protein conformations. Presented in this thesis is the fabrication
of solid-state nanopores and their application for characterizing proteins and understanding their
transport through nanopores. Fabrication of nanometer-sized pores in SixNy membranes was
achieved using the conventional controlled dielectric breakdown method as well as a simple
modified version of it that resulted in ultra-stable nanopores devoid of legacy issues associated
with the conventional nanopores. The noise characteristics of the fabricated nanopores were
studied as a function of solution pH, electrolyte type and concentration, applied voltage and pore
diameter. SixNy-based solid-state nanopores were used for studying the voltage and pH-induced
conformational changes of the human serum transferrin protein and for distinguishing between its
two forms – apo (iron-free) and holo (iron-rich). Finally, the transport of protein through
nanopores was studied, first in symmetric salt conditions and then in asymmetric salt conditions.
Investigating protein transport phenomena in different electrolyte types and concentrations as well
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as different electrolyte concentration gradients provided valuable insights into the electrokinetic
phenomena such as electrophoresis and electroosmosis that govern analyte capture and transport
through solid-state nanopores.
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CHAPTER 1: SOLID-STATE NANOPORE SENSORS FOR SINGLE-MOLECULE STUDIES

In the late 1940s, Wallace H Coulter discovered the Coulter Principle which stated that
when particles suspended in an electrically conductive liquid are pulled through a small constricted
electric path, they result in a change in the electric resistance in the circuit. The change in electrical
resistance can be recorded as resistive spikes or pulses using immersed electrodes on either side
of the constriction or aperture. The number of spikes will indicate the total number of particles
present in a given sample. Patented in 1953, Coulter’s “Means for Counting Particles Suspended
in a Fluid” paved a very reliable method for counting blood cells. After four decades, the same
principle resurfaced, but this time it was in the nanoscale, with nanometer scale holes for the study
of ions, small molecules, and biomolecules.
1.1 Early Years of Solid-State Nanopores
In the mid-90s, based on the Coulter principle and inspired by the electrophysiology of ion
channels in biological channels, the first study on the application of nanopores to study nano-sized
particles was published 1. This group characterized individual polynucleotide molecules using a
single channel of α-hemolysin across a lipid bilayer. The basic principle involved using a
membrane with a nano-sized hole to separate two chambers containing electrolyte. When a sample
is introduced into the cis chamber, on the application of an appropriate voltage bias, the sample
particles will translocate through the nano sized hole one at a time, giving rise to a resistive spike
in the baseline current signal. The resistive pulses carry information characteristic to the

1

translocating particles. In the initial days of nanopore research, biological nanopores were used for
single molecule studies. These were transmembrane proteins that were incorporated into lipid
membranes2-3. The α-hemolysin protein that is expressed in Staphylococcus is one of the most
widely used biological pores. It is a mushroom shaped complex and has a narrow internal
constriction of diameter ~2.6 nm4. Another commonly used biological nanopore is the protein
MspA of Mycobacterium smegmatis5. However, despite successful application of biological
nanopores for single molecule sensing, they suffer from three main limitations6: (i) their small
diameter prevents the characterization of larger molecules, (ii) their intrinsic stability leads to
unstable open-pore current, especially under high applied voltages, and (iii) incorporating the
protein nanopore in a stable lipid or polymer membrane in an efficient manner is extremely
challenging. This led to the development of synthetic or solid state nanopores. The diameters of
the synthetic nanopores could be tuned to accommodate a large range of biomolecules, thereby
promoting nanopore sensor as a tool for a wide range of analytes. In 2001, Li et al.7 first presented
the ‘ion-beam sculpting’ method of fabricating nanometer sized pore on a Si3N4 surface containing
a cavity on the opposite surface by bombarding the surface with a beam of argon ions. After two
years, the group of Dekker reported the fabrication of a nanopore on silicon oxide inside a
transmission electron microscope by electron-beam lithography 8. In the following two decades,
rapid development has taken place in nanopore-based analysis of single biomolecules or
nanoparticles. Nanopores have featured in a myriad of biomolecule profiling such as genomics911

, proteomics12-17, glycomics18, virology19-20 and lipidomics21-22.

1.2 Nanopore as a sensor for single molecule analysis
A nanopore is a nano-sized hole in an impervious membrane. In a nanopore sensor for single
molecule analysis, such a membrane separates two chambers filled with electrolyte. Ag/AgCl
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electrodes are placed in the chambers and a transmembrane voltage is applied. Under the effect of
a proper voltage bias, a charged molecule introduced into the cis chamber will translocate through
the nanopore. For each molecule transiting through the nanopore, corresponding perturbations are
observed in the open pore current, Io. (Figure 1.1) These perturbations are called events and
provides information about the translocating molecules. The events are characterized by three key
parameters: (i) amplitude of the current drop (∆I), (ii) translocation time or pulse duration (∆t or
τ), and (iii) inter-event time (δt). In simple terms, ∆I is dependent on the molecule’s cross-sectional
volume while ∆t contains information about the length of the molecule [data analysis]. The
magnitude of these parameters depends on several other factors such as solution pH23-25, electrolyte
type, concentration26-28, and viscosity of the solution

29-30

. Another commonly used parameter is

the change in conductance (∆G), which is the ratio of the current drop to the applied voltage.
Moreover, the ratio of current drop to open pore current, the relative current drop (∆I/Io) and the
fraction of change in conductance to open pore conductance, the relative change in conductance
(∆G/Go) are sometimes analyzed as they are independent of applied voltage. In order to identify
different analyte types or different conformations of the same analyte, in different experimental
conditions,

histograms

of

these

parameters

are

plotted

and

compared.

Figure 1.1 Figure shows the schematic of an analyte translocating through a nanopore and
resulting in a resistive pulse signal, also called an event.

3

When two or more separate clusters or peaks without overlapping are seen, the analyte types can
be distinguished.
1.3 Fabrication of Solid-State Nanopores
Several solid-state nanopore fabrication techniques have been reported over the past two
decades. These techniques include Ion-beam sculpting, TEM drilling, FIB milling and in situ
nanopore fabrication methods such as (a) controlled dielectric breakdown (CDB), (b)
electrochemical reaction (ECR), (c) laser etching, and (d) laser-assisted controlled breakdown.
The work reported here utilizes the CDB method of nanopore fabrication. Microscopy
based solid-state nanopore fabrication methods such as TEM drilling and FIB milling suffer from
the disadvantages of complexity, low-throughput, and high-cost. Kwok et al.31 introduced the CDB
fabrication technique based on the use of high electric fields to control the dielectric breakdown
SixNy membranes in solution. This low-cost and simple method has quickly gained in popularity
in the nanopore community.
In the CDB method, a dielectric material such as SixNy is subjected to high electric fields
(usually, 0.4-1 V/nm) 32. When a transmembrane potential is applied across a dielectric membrane,
an electric field is generated inside the membrane and the interfaces are charged with opposite
ions. There are intrinsic structural defects or traps in the membrane. A leakage current will develop
following a trap assisted tunneling mechanism. The magnitude of the leakage current is determined
by the number of available traps or defects. These charge traps keep accumulating due to the high
electric field and when the density of the accumulated defects reaches a critical value, a highly
localized conductive path is formed which marks the dielectric breakdown event. This conductive
path fills with electrolyte and results in an abrupt increase in current. This current spike indicates
the formation of a nanopore.
4

1.4 Circuit Model
The nanopore chip can be represented by a generic equivalent circuit. This simplified
equivalent circuit, adapted from Waggoner et al. 36, includes:
i.

access resistances (Raccess) from the electrode interface to the mouth of the pore,

ii.

nanopore channel resistance (Rchannel = Rsurf ∥Rcyl)

iii.

the generalized capacitance through the substrate (Csubstrate)

iv.

capacitance of the freestanding membrane (Cmembrane)

Figure 1.2 Figure shows the equivalent circuit diagram of a nanopore device adapted from
the works of Waggoner et al36.
1.5 Conductance Model
We adopt the approach of Dekker at al.33 to obtain the commonly used expression for
nanopore conductance. The conductance, 𝐺 (= I/V= 1/R, the reciprocal of the resistance) of a
cylindrical nanopore can be related to its diameter (d) by:
𝐺=𝐾

𝜋𝑑2

(Eq 1.1)

4𝑙
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where, 𝐾 is the bulk conductivity of the electrolyte (reciprocal of the resistivity, ρ) and 𝑙 is the
thickness of the membrane. However, this equation ignores the contribution of the nanopore
surface charge (𝜎𝑝 ) as well as the effects of the access resistance (Raccess), which is the
resistance of the medium in the access areas along the convergent current paths from the bulk
electrolyte to the mouth of the pore. Raccess becomes prominent for larger pore diameters (> 15
nm). The Hall equation34 gives the expression for access resistance as Raccess =ρ/2d. The total
resistance of the nanopore is given by35;
𝑅 = 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 2𝑅𝑎𝑐𝑐𝑒𝑠𝑠

(Eq 1.2)

where 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 (or 𝑅𝑐𝑦𝑙 )is the resistance of the nanopore channel without considering the
surface charge contributions.
Using the Hall equation, we have,
4𝑙

2𝜌

𝑅 = 𝐾𝜋𝑑2 + 2𝑑

(Eq.1.3)

Therefore, conductance of the nanopore is
1 −1

4𝑙

𝐺 = 𝐾 [𝜋𝑑2 + 𝑑]

(Eq.1.4)

While Eq 1.4 leads to fairly accurate estimations of nanopore diameters, it does not
consider the contribution of the nanopore surface charges to the nanopore conductance. A more
accurate equation to estimate nanopore diameter from the conductance is given as:
−1

G= 𝐾 [𝜋𝑑2
4𝑙

𝐿
+

𝜇𝜎𝑝 𝜋𝑑
𝐾 𝑙

+

2
𝛼𝑑+

𝛽𝜇𝜎𝑝

]

(Eq.1.5)

𝐾

where 𝜎𝑝 , is the nanopore surface charge density, 𝜇 is the surface counterion mobility, and 𝛼
and 𝛽 are model dependent parameters (both set to 2). This equation is discussed in detail in
later chapters.
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1.6 Analyte Translocation Mechanism
The forces acting on a charged analyte confined in a nanopore are (i) electrophoretic force
and (ii) electroosmotic force. Electrophoresis is the process by which charged macromolecules
move through a liquid medium under an applied electric field. The electrophoretic velocity vEP of
a particle is given by:
𝜀

𝑣𝐸𝑃 = 𝜂 𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐸

(Eq.1.6)

where, 𝜀 is the absolute permittivity, 𝜂 is the solution viscosity, 𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the zeta potential of the
particle and 𝐸 is the external electric field applied37.
Electroosmotic flow occurs in micro- and nanochannels with charged surfaces37-38. When
an electric field is applied along such a charged channel, an electric double layer (DL) is set-up,
which screens the surface charge, in motion. The DL drags the fluid along, creating a net flow. If
the Debye length is much smaller than the channel width, the flow will feature a pluglike velocity
profile with the electroosmotic velocity given by:
𝜀

𝑣𝐸𝑂 = − 𝜂 𝜁𝑤𝑎𝑙𝑙 𝐸

(Eq.1.7)

where, 𝜁𝑤𝑎𝑙𝑙 is the zeta potential of the nanopore surface.
Translocation of a charged molecule through the nanopore is a result of balance of these
two forces acting on the molecule. Electroosmotic force may enhance or counter the
electrophoretic force. When these two forces cancel each other out, translocation of a particle can
still happen by simple diffusion.
1.7 Resistive pulse events: Data acquisition and event extraction
For the nanopore experiments reported in this work, Axopatch 200B amplifier (Molecular
Devices LLC., USA) is used to record electrical signals. The signal is digitized with Digidata
1440A (Molecular Devices LLC., USA). pClamp (version 10.6, Molecular Devices LLC., USA)
software is used for instrument control and data acquisition. Electrical signals are sampled at 200
kHz or 250 kHz and the low-pass Bessel filter is set at 10 kHz or 100 kHz.
The data obtained was analyzed using custom-written scripts of MATLAB and
7

Mathematica. In the simplest way, the event extraction includes the following steps:
i.

The open-pore current (Io) is obtained from the raw data

ii.

The open-pore current trace is segmented into windows of identical length
(depending on average duration of resistive pulses and open-pore stability)

iii.

The open-pore current trace in the analysis window is then fitted appropriately.

iv.

Events are then flagged as current perturbations that have deviated at least φPDC.σbaseline.
from the open-pore current fit, where φPDC is the peak detection coefficient (usually
set to 5 or 6) and σbaseline is the standard deviation of the open-pore current in the
analysis window.

v.

After flagging of events, different approaches can be applied to obtain the current
drop and translocation time of each event can be obtained.

Figure 1.3 Extraction of a resistive pulse (or an event) from raw data using a
custom MATLAB code.
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2.1 Abstract
Solid-state nanopores (SSNs) are single-molecule resolution sensors with a growing
footprint in real-time bio-polymer profiling—most prominently, but far from exclusively, DNA
sequencing. SSNs accessibility has increased with the advent of controlled dielectric breakdown
(CDB), but severe fundamental challenges remain : drifts in open-pore current and, (irreversible)
analyte sticking. These behaviors impede basic research and device development for commercial
applications and can be dramatically exacerbated by the chemical complexity and physical
property diversity of different analytes. We demonstrate a SSN fabrication approach attentive to
nanopore surface chemistry during pore formation, and thus create nanopores in silicon nitride
(SiNx) capable of sensing a wide analyte scope—nucleic acid (double-stranded DNA), protein
(holo-human serum transferrin) and glycan (maltodextrin). In contrast to SiNx pores fabricated
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without this comprehensive approach, the pores are Ohmic in electrolyte, have extremely stable
open-pore current during analyte translocation (> 1 hour) over a broad range of pore diameters
(≲3 – ~30 nm) with spontaneous current correction (if current deviation occurs), and higher
responsiveness (i.e. inter-event frequency) to negatively charged analytes (~6.5× in case of DNA).
These pores were fabricated by modifying CDB with a chemical additive—sodium hypochlorite—
that resulted in dramatically different nanopore surface chemistry including ~3 orders of
magnitude weaker Ka (acid dissociation constant of the surface chargeable head-groups) compared
to CDB pores which is inextricably linked with significant improvements in nanopore performance
with respect to CDB pores.
2.2 Introduction
Omics is one of the grand challenges facing fundamental and applied science, with
profound consequences and possibilities for improving our understanding of nature and our ability
to improve medical applications. In this domain, single-molecule techniques have tremendous
promise. Nanopores are a forefront technology for single-molecule science. In brief, nanopores are
nanofluidic channels through impervious membranes. Single molecules translocating through
suitably sized nanopores filled with electrolyte can displace ions to generate resistive pulses
stamped with analyte-specific information.1-2 Nanopores have seen extensive development over
decades in pursuit of better performance, with DNA sequencing being the most conspicuous
example.3-5 The promise of these nanofluidic tools transcends DNA and RNA sequencing to
encompass the sequencing, mapping, and characterization—as simple as sizing—also of proteins
and glycans, so that nanopores have the potential to have a profound effect on the biopolymer
characterization so vital to genomics, proteomics, and glycomics.6-12 Work with protein nanopores
has been foundational and continues to drive advances,13-15 but solid-state nanopores (SSNs) have
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nevertheless long remained a target of nanopore science. They are mechanically robust, sizetunable, and the popular silicon nitride (SiNx) offers reliable nanofabrication workflow
compatibility.2 Such nanopores offer the capability for performing nanopore force spectroscopy
across a usefully wide range of forces and ensure that linear, folded, and branched polymers, as
well as nanoparticles and bioparticles such as exosomes, can all be within reach of this
technology.6-7, 11, 16-23 The difficulties of reproducible and accessible fabrication of small (~110 nm diameter) nanopores long dominated SSN development and limited the rate of its adoption
and advance in applications. The advent of controlled dielectric breakdown (CDB) has brought
simplicity, low-cost, and efficiency to SSN fabrication.24 Significant barriers to reliable use of
SiNx SSNs remain, however, including delayed wetting, instability in the open pore current,
(irreversible) analyte “sticking” that causes signal perturbations (could lead to clogging), and
complex, often problematic native surface chemistry. The frequent need for ad hoc approaches to
ameliorate these issues has become a largely accepted part of nanopore science, as a legacy of
fabrication challenges, alone, but also in testament to the promise of the tool. Highly specialized
solutions to prevent sticking by particular molecules within a particular analyte class exist but can
introduce cost or change the nanopore properties too much.11 Similarly, post-fabrication
modification of SiNx nanopores with organic films has been demonstrated,25 but physical
flexibility of the film constituents and interactions with solution components can create a complex
interface, as seen in the charge adsorption by the very PEG molecules often used for surface
passivation.
No straightforward general method for suppressing nanopore sticking using an inorganic
layer integral to the as-fabricated nanopore surface has been demonstrated. Thus, we wanted to
explore simple ways to simultaneously tune nanopore size and surface chemistry, with the explicit
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goal of targeting a range of molecule classes. We wanted to preserve the best of CDB in terms of
ease of use and size tunability, while easing the downstream application challenges to conventional
SiNx pores. As a starting point, we wanted to first improve even upon simple platform challenges
such as open pore current stability and clogging. In the end, we wanted to establish whether
chemical conditioning during fabrication could yield a type of SiNx nanopore that had better
performance. Specifically, we wanted reliable performance during sensing without the need for
cumbersome or elusive amelioration steps; such reliable performance across a range of analyte
classes encompassing wide-ranging molecular properties would be an even more compelling
outcome especially with the footprint of nanopore technology expanding beyond DNA
sequencing. We hypothesized that by adding chemically reactive species to the CDB electrolyte,
we might be able to modify the resulting nanopore surface chemistry as a part of the formation.
We thus introduce the term chemically-tuned CDB (CT-CDB) as a broad classification for CDBbased fabrication methods where the properties of the fabricated nanopore arise from changes to
the electrolyte chemistry. While one can conceive of a host of possible additives, here we explore
only the use of sodium hypochlorite (NaOCl) as a test of the generality. In all cases, chemical
additives would be present only for the fabrication steps, with thorough rinsing ensuring their
removal to eliminate the potential for unwanted cross-reactivity with analytes. A single chemical
mechanism may be difficult to establish given the complex interplay between the applied voltage,
possible electrochemical and electrostatic interactions between electrolyte components and the
nanopore, and the evolving nature of the nascent nanopore and its surface. We focus instead on
robust phenomenology. Dilute NaOCl solutions have been reported to degrade nanopore quality
during cleaning,26 and conventional CDB pores routinely have unfavorable stability and
interactions with analytes. By complementing CDB with the chemical additive NaOCl, however,
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we reliably generated improved nanopore qualities inaccessible to either individually. It is these
improvements for biomolecule sensing across broad classes of molecules, wrought by a single
addition to the electrolyte, that is the focus of this work. Fundamental studies of mechanism would
require a very different experiment scope than these demonstrations of robust and unique
performance in application. Nanopore properties (e.g. surface charge, pore diameter, and analyte
translocation characteristics) can also be tuned post-fabrication through, for example, chemical
vapor deposition,27 atomic layer deposition,28 and surface-chemical attachment methods such as
silanization29 and photo-hydrosylilation.25, 30 These techniques either require specialized tools or a
materials fabrication toolkit. CT-CDB requires nothing more than the addition of a chemical
additive during CDB, and thorough rinsing afterward.
We selected three distinct biological analytes to include the molecule classes
underpinning genomics, proteomics, and glycomics. Aside from whether or not a single type of
SiNx nanopore could operate reliably across this highly varied analyte scope, each analyte offered
unique characteristics for challenging and assaying the nanopore, itself. Double-stranded DNA
(dsDNA) is negatively charged, maltodextrin is charge-neutral, and holo-human serum transferrin
protein (hSTf) is amphoteric.7 We used the dsDNA for pore sizing25,

31

and assessing its

responsiveness, maltodextrin for assaying the nanopore surface chemistry and electrokinetic
mechanism of sensing, and hSTf for larger diameter pore assessment. All analytes were used to
assess pore reliability. To the best of our knowledge, this is the first time where such a broad range
of biomolecules with such significantly different size, charge, electrokinetic transport and
electrostatic properties have been used for characterization and performance evaluation of a
nanopore fabrication protocol.
Our target platform was SSN formed in thin-film (~10-12 nm-thick) SiNx membranes, with
18

diameters ranging from sub-5 nm to ~30 nm. For dsDNA, the pore size range of ~3-5 nm is
preferred since such smaller pore sizes allow the discrimination of short homopolymers and subnanometer structural changes of DNA.32-33 For maltodextrin ~5 nm diameter pores were preferred
over larger pores so that the assay would be more sensitive to the surface effects of interest. For
example, previous work has shown that electroosmosis is necessary to drive translocation of such
an uncharged molecule through a nanopore, and this only happens when the nanopore surface is
charged.6 The analyte electrophoresis (EP) and nanopore surface electroosmosis (EO) can be
opposing or reinforcing, depending on the fixed surface charge polarity. SiNx nanopores have been
used previously for protein profiling11, 21, 34-36 and unlike DNA, they are not uniformly charged.
Here we used hSTf as a test molecule to investigate the suitability of the CT-CDB method to
fabricate larger diameter pores: exceedingly difficult with CDB due to non-opening failure among
other factors.37
2.3 Results and discussion
CT-CDB nanopores were quickly Ohmic (measured after 10-40 minutes of soaking), even
in the small, <4 nm diameter range as shown by Figure 2.1a. This contrasts favorably with the
need for overnight soaking or for voltage conditioning as has been reported for CDB pores.38-39
Overall, CDB and CT-CDB pores showed similar noise characteristics as a function of frequency
at pH ~7 as shown in Figure 2.1b. The two pore classes, however, showed dramatically different
conductance behavior as the solution pH was changed (Figure 2.1c and 2.1d). Nanopore
conductance, G, depends on the nanopore surface charge, 𝜎, (Equation S2.1), which can be pHdependent. Owing to this direct connection, changing solution pH to induce changes of nanopore
surface charge (by protonation and deprotonation in the case of acidic and basic moieties)—
surveying G as a function of solution pH—has gained traction recently as a tool to probe the
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surface chemistry of nanopores.25, 31, 40 Importantly, such surveys can be carried out soon after the
fabrication without having to remove the pore from its liquid environment, minimizing potential
perturbations that come from such processing steps. Unlike more conventional microscopic
methods, G versus pH surveying provides ready access to the interior surface of nanopores formed
on challenging length scales (a “buried” interface ≲10 nm in diameter and ~10 nm long) and
avoids both surface contamination and pore structural changes that may occur during chargedparticle microscopy. The change of surface chemistry as a result of CT-CDB compared to CDB is
reflected by the very different trends in surface conductance (𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , Equation S2.1) with pH.
Here we normalize 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 by the total nanopore conductance, G, so that when the surface is
uncharged, 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 0: departures from this value thus represent an increase in the magnitude
of the surface charge density. Amphoteric CDB SiNx pores have a minimum in conductance
(𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 → 0) at the isoelectric point (4.3±0.4, 3 unique pores, mean ± standard deviation), with
larger current magnitudes when they are charged.25, 31, 40 In contrast, the 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /𝐺-pH trend of
the CT-CDB pores, is characteristic of a surface where a single type of acidic surface group is
present. Fitting G-pH data (see SI Section 2.1 for more details) using Equations S2.1 and S2.2, we
obtained 9.7±0.2, 4.3±1.1 nm-2 and 502.7±67.4 F/m2 for 𝑝𝐾𝑎 , 𝛤 (density of surface chargeable
groups) and 𝐶eff (effective Stern layer capacity) respectively for CT-CDB nanopores. This 𝐾𝑎 is
~3 orders of magnitude weaker than that obtained for SiNx pores by CDB, and is responsible for
the much later onset of the surface conductance increase in these CT-CDB pores.25, 31 Qualitatively,
the CT-CDB pores display a similar surface chemistry to those fabricated by the Tesla-Coil
Assisted method (TCAM)—a salt-free fabrication method—and hydroxyl functionalized
nanopores.25, 31 That is, TCAM and CT-CDB nanopores in SiNx exhibit G that are plateaued at
lower pH values and then rise with increasing pH (resembles Figure 2.1d). This is in contrast to
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the G of the amphoteric C-CDB SiNx nanopores that have no plateau and display a minimum at
the isoelectric point.
Given the apparent change in SiNx nanopore surface chemistry when formed by CT-CDB,
we wanted to first test whether the nanopores still supported analyte translocation. We used the
most familiar analyte for nanopore sensing, DNA, to confirm translocation, to size the pore, and
to benchmark CT-CDB pore performance versus CDB pores. Even though the literature suggests
dsDNA experiments are done over long time periods (hours sometimes), the (representative)

Figure 2.1 (a) Representative I-V curves of pores (<4 nm in diameter) fabricated from the CTCDB protocol (4 M LiCl buffered at pH~7 with HEPES). (b) Power spectral density (PSD,
see methods for more details) noise spectra (4 M LiCl buffered at pH~7, 250 kHz acquisition
rate, 100 kHz low-pass filtering) corresponding to pores fabricated from the CDB (blue,
~4.4 nm diameter) and CT-CDB protocols (magenta, ~4.8 nm diameter). 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /𝐺 as a
function of pH (1 M KCl, buffered at pH~7 with HEPES) of ~13 nm diameter nanopores
fabricated from (c) CDB protocol and (d) CT-CDB. The inset of (d) is set at the same y-scale
of (c) for the ease of comparison. The solid-lines in (c) and (d) correspond to fits made to the
𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 /𝐺 - pH data with error-bars scaled 3 × for visibility (see SI section 1 for fit details).
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current traces are 100 seconds at best24 where changes to the open-pore current, if present, are
largely invisible (Figure S2.1). The instability of nanopores in solution—pore growth over time—
has been acknowledged in the literature.41-42 Occasional drops in current signals (of CT-CDB) due
to analyte sticking have been observed to be self-corrected almost instantaneously (Figure S2.2).
To add to the repertoire of beneficial properties for longer sensing experiments, we have noticed
that if a given CT-CDB pore clogs and the open-pore current is not self-corrected, it could be
unclogged by briefly zeroing the voltage and then re-applying the initial applied voltage for
sensing to continue the experiment (Figure S2.2)—the clogging may perhaps be due to a weak
interaction between the analyte and the pore-opening. To place this unclogging behavior in
context, single-stranded polynucleotides typically translocate through SiNx nanopores at an
average speed of ~1 nucleotide/μs (at 150 mV voltage bias).43 To resolve individual bases, it is
estimated that this translocation rate should be ~1 nucleotide/ms or slower. At this desired rate, to
sequence the 6 billion base pairs long diploid mammalian genome in 50,000 bases long ssDNA
fragments (after denaturing the dsDNA) with only a single translocation pass would require,
without multiplexing, a single pore to be open for >2000 hours. Even with an array of >500
nanopore channels, it would require ~48 hours.44 Even though the scope of this work is not DNA
sequencing, the stable CT-CDB open-pore currents, such as the ~2.5 hours of current trace shown
in Figure S2.3, should greatly benefit SSN-based efforts for sequencing (the same pore was used
for > 8 hours of experimentation yielding ~48,500 events over multiple dsDNA concentrations
and applied voltages—over multiple experiments—and was still open and stable when
decommissioned). This open-pore current stability may also become a key positive aspect where
a set of comparative experiments are expected to be conducted using the same nanopore to
minimize intra and inter pore size variations.6-7 In this work, for nanopores fabricated using the
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CT-CDB protocol, we show (steady) representative continuous current traces as shown in Figure
2.2a (and zoomed in image in Figure 2.2b) that are ~1800 seconds long—the longest continuous
trace in the literature to the best of our knowledge—pertaining to dsDNA translocating through a
~3.4 nm diameter pore. We attempted to translocate dsDNA through a similar sized pore fabricated
from the CDB protocol but were met with continuous analyte-sticking which eventually led to
irreversible pore-clogging before any substantial number of events could be collected. The signal
characteristics using CT-CDB pores are well-behaved in comparison to the CDB standard. Three
distinct populations of conductance blockage magnitude (Figure 2.2c, S2.4) are consistent with
non-translocation (i.e. collision) events (ΔG0), translocation of linearized DNA (ΔG1), and DNA
exhibiting different folded-over conformations (ΔG2).24 A detailed analysis and discussion are
provided in SI Section 2.6. In spite of the different CT-CDB versus CDB surface chemistry and
the very different propensity of the two pores to clog, measured conductance blockage provide
evidence for translocation through CT-CDB pores.
The change to nanopore surface chemistry naturally gives rise to the question of whether
CDB and CT-CDB SiNx sensing performance was different.29 We were interested in the
throughput of SiNx nanopores—not just by minimizing clogging, but by their analyte
responsiveness measured by resistive pulse rate. We constructed the calibration curves in Figure
2.2d—each data point represents the mean and the standard deviation of the inter-event frequency
from 6 trials per fabrication protocol (2 pores per fabrication protocol, 3 trials each). Given the
appreciable overlap of the PSD, resistive pulse identification was performed on both pores with
the same blockage magnitude threshold (see Resistive Pulse Characterization Section under
Methods for more details). The slopes of the CDB and CT-CDB protocols were ~0.028 s-1 nM-1
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Figure 2.2 (a) A ~30-minute current trace of 1 kb dsDNA (25 nM) translocating through a
~3.4 nm diameter CT-CDB pore in 4 M LiCl (buffered at pH~7) and (b) a 30-second
representative current trace of (a) from 100 s to 130 s. The experiment was conducted over 3
hours at +200 mV of applied voltage, 250 kHz sampling rate and 100 kHz lowpass filtering.
(c). Scatter plot (13417 events over 3 hours) showing conductance change (ΔG) and the log of
translocation time. (d) Calibration curve (inter-event frequency vs dsDNA concentration)
constructed by adding 1kb dsDNA (4M LiCl buffered at pH~7) in ~5 nM increments to ~5 nm
diameter nanopores fabricated from the CDB protocol (magenta) and CT-CDB protocol
(black). Each dsDNA aliquot of (d) was run for at least 900 seconds and each data point
represents at least ~750 (CDB) and ~3800 (CT-CDB) events. Data were obtained using an
applied voltage of +200 mV, 250 kHz of sampling frequency and 100 kHz of low-pass
filtering.
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and ~0.18 s-1 nM-1 respectively which clearly indicated the pores fabricated from the CT-CDB
protocol to be ~6.5 times more sensitive to 1 kb dsDNA compared to those fabricated from CDB
protocol. In another experiment using a ~10.0 nm diameter CT-CDB pore (dsDNA concentration

~83 nM), we obtained ~2×105 events (214,353) in ~80 minutes—equivalent to translocation of
~0.2 billion base pairs in total. We tested two more unique nanopores to reproducibly test the
ability of the CT-CDB pores to cross the 2×105 event limit and they yielded ~210,000 (pH~7) and
~270,000 (pH~6) events respectively. This qualitatively showcases the throughput of CT-CDB
nanopores and thereby its potential to increase the statistical significance in data collection.
To probe the surface charge of the nanopore further than is possible with G-pH
measurements, we used maltodextrin – a charge-neutral polysaccharide. Voltage-driven nanopore
translocation cannot occur by electrophoresis when the analyte is uncharged, only by EO. If
resistive pulses are detected, the corresponding voltage polarity required for EO can then be used
to identify the nanopore surface charge polarity. The surface charge of CDB SiNx nanopores is
known to be net negative at pH ~7 and ~9, so that with analyte on the trans side of the nanopore,
events would be expected in response to a +200 mV applied voltage on the trans side, and no
events—except those by diffusion21 (at very low rates45 of only ~1 s-1nM-1)—would be expected
at -200 mV. The experimental results confirmed this expectation of appreciable events detected
only at the positive voltage polarity. The same set of experiments were repeated with a CT-CBD
pore. Events were detected using a +200 mV applied voltage, with no events observed at -200 mV.
The CT-CBD surface charge that was indicated by the G-pH curve was thus, confirmed through
neutral glycan detection by EO that could arise only with a charged nanopore surface (see the
schematic representation in Figure 2.3). In addition, given the applied voltage polarity necessary
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for EO, the CT-CDB surface charge polarity could be identified as negative. It is worthwhile noting
the meager event frequency of maltodextrin through the CT-CDB pore at pH~7 compared to the
CDB pore because the CT-CDB pore surface is expected to be near-neutral at this pH. The higher
event frequencies at each pH using CDB pores support the charge density magnitudes determined
from fitting the G-pH curves—~3.7 events s-1 at pH ~7 (-0.078 C/m2) and ~19.9 events s-1 at pH

Figure 2.3.: (a) Representative 60-second current traces of maltodextrin translocation in
response to +200mV and -200mV (current and voltage polarities are of identical sign) in pores
fabricated from (a) and (b) the CDB and (c) and (d) CT-CDB protocols at pH ~7 (upper row)
and ~9 (lower row). The schematic representation above the current traces summarizes the EO
direction at each instance. In Figure 3a, the pore got partially clogged (~410 s) with an analyte
molecule. The open-pore current remained at the clogged value until the molecule
spontaneously escaped the nanopore. All data were acquired at 250 kHz sampling rate,
100 kHz lowpass filtering using ~5 nm diameter pores that are nominally ~12 nm in thickness.
The scatter plots corresponding to these traces are shown in Figure S5. Experiments were
carried out in 1 M KCl buffered with 10 mM HEPES.
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~9 (-0.17 C/m2) compared to 0.16 events s-1 (-0.0014 C/m2) and 11.2 events s-1 (-0.14 C/m2) at
the two respective pH values using CT-CDB (the surface charge density at each pH is indicated in
parentheses).
The findings of surface charge polarity using the glycan are useful for understanding the
frequency of events in the earlier DNA sensing case. In those experiments at pH ~7, the positive
voltage polarity for DNA translocation by EP would face an opposing EO driving force because
of the negative surface polarity of both CDB and CT-CDB pores. Given the greater charge density
on the surface of CDB pores, however, the event frequency of DNA detection in these pores would
be expected to be lower than for the CT-CDB pores where the EO was reduced by the near-neutral
surface charge. In addition, the higher negative charge on CDB would result in higher electrostatic
repulsion with the DNA rendering CDB pores to have a lower event frequency. The alignment
between nanopore surface charge polarity and analyte charge polarity will dictate whether a
particular analyte will be more frequently detected under particular experimental conditions in a
CDB pore or a CT-CDB pore. As shown in Figure 2.1, the magnitude of the nanopore surface
charge density can be tuned by solution pH.
So far, we have discussed the fabrication of nanopores with <10 nm in diameter. However,
fabricating larger diameter pores with CDB is exceedingly difficult (due to non-opening failure
among other factors as noted previously)37 and we note that CT-CDB allowed us to fabricate pores
as large as ~30 nm in <10 minutes (using an electric field strength of ~0.76 V/nm). Unlike the
previous set of experiments where the open-pore diameter was in the coveted ≤5 nm diameter
regime (apart from few exceptions demonstrated in the SI for comparison purposes)—the
nanopore surface effects are more pronounced on the analyte translocation due to the comparative
size of the nanopore and the analyte in question—the pores used in this section are much larger
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Figure 2.4: (column 1) Representative 15 minute current traces originating translocation of
hSTf in 4M LiCl (buffered at pH~7) under +50 mV applied voltage (100 kHz lowpass
filtering, 250 kHz sampling rate) and their (column 2) corresponding heatmaps overlaid with
raw-data points of conductance change as a function of translocation time of (a) ~12 nm
diameter CT-CDB pore, (b) ~17 nm diameter CT-CDB pore, (c) ~18 nm diameter CDB pore
and (d) ~20 nm diameter CT-CDB pore. For brevity, representative 30-second current traces
of each of these pores are shown in Figure S2.6. In Figure 2.4c, the pore got partially clogged
(~300 s and ~650 s) with an analyte molecule. The open-pore current remained at the clogged
value until the molecule spontaneously escaped the nanopore. Please note that the heatmaps
(second column) superimposed with respective scatter plots are included as a guide to the eye
to show the existence of two populations as evident by Figure S2.7.
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(compared to the analyte) and thus provides an opportunity to qualitatively observe the impact
surface charge would have on analyte translocation in such pore diameter regimes. The CT-CDB
pores used herein are also quickly ohmic (i.e. rectification ~1) and possess the favorable qualities
discussed earlier like their smaller diameter counterparts (evident by Figure 2.4 and Figure S2.6).
In our previous work with hSTf (with a molecular weight of 80 kDa and a molecular radius of
~3.3 nm)– an important iron carrier –we had demonstrated the voltage-induced unfolding of
proteins and to minimize the likelihood of this phenomenon, we operated at no more than
+50 mV.46 The zeta potential of hSTf at pH~7 is reported to be negative, and given the CT-CDB
pore surface has a near-neutral net negative charge at pH ~7, there would be a weak EO opposing
the translocation by EP that is not sufficient to hinder the analyte travel in the electrophoretic sense.
Given the higher surface charge density, the EO will be more pronounced in CDB pores resulting
a lower event frequency than in CT-CDB and complements our experimental observation. The
protein was added to the cis side to a final concentration of ~100 nM (2.5× more dilute than our
previously reported work)7 and applied +50 mV to the trans side. The event frequency of
negatively charged hSTf through CDB pores (~0.3 events/second) was insufficient to collect
statistically significant data pool (>1000 events) within a reasonably rapid timeframe. Thus, the
concentration of hSTf was increased up to ~250 nM (>2 events/second – comparable to that from
CT-CDB pores at the 100 nM level). Some representative current traces of hSTf in CT-CDB and
CDB are shown in Figure S2.6. To further elaborate the exceptional baseline stability associated
with CT-CDB nanopore, we ran a ~14 nm diameter nanopore, without any user supervision for
~75 minutes where the pore self-corrected any transient clogs and remained open as seen in Figure
S2.6e—the longest continuous protein translocation trace in the literature to the best of our
knowledge.
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As described above CT-CDB pore-clogging was self-corrected when working with DNA.
The ~10 nm diameter CT-CDB pore had frequent yet reversible clogs that could be similarly
removed either by zeroing the voltage or by a single zap—a commonly used ≤ 50 ms application
of ~1.3 V. The instances where unclogging could be done by zeroing the voltage could point to a
weak interaction of the protein with the pore opening rather than sticking within. The larger
diameter pores could largely be run without such interruptions. The heatmaps, as seen in Figure
2.4, showed two distinct populations. Even though the heatmap corresponding to ~20nm diameter
CT-CDB pore (Figure 2.4d) resembled a single population, the ΔG histogram of it (Figure S2.7e)
showed two distinct populations. Therefore, all histograms corresponding to the ΔG profiles were
fitted with two Gaussian functions (Figure S2.7, see SI Section 2.9 for fitting details). The first
population, considering the span of the translocation time, may correspond to collisions with the
pore opening and interestingly, the mean of the first Gaussian population (lower ΔG distribution
termed ∆𝐺𝑝,𝐶 ) did not change appreciably (Figure S2.8a; ~8.4 nS to ~10.7 nS) with the pore
diameter unlike that of the second population as seen in Figure S2.8b. The second population
(higher ΔG distribution termed ∆𝐺𝑝,𝑓 ) is attributed to protein translocations. The 𝛥𝐺𝑝,𝑓 from CTCDB pores of ~10-30 nm in diameter were then fitted with Equation S2.6 (see SI Section 2.10 for
fitting details) using the literature reported volume for hSTf (144 ± 45 nm3).47 The corresponding
fit lines are shown in Figure S2.8b.
2.4 Conclusions
Controlled dielectric breakdown (CDB) in the presence of a chemical agent to modify nanopore
surface chemistry during pore fabrication is here introduced as chemically-tuned controlled
dielectric breakdown (CT-CDB). Using a single chemical additive, sodium hypochlorite,
nanopores of ≲3 to 30 nm in diameter through ~10-12 nm-thick silicon nitride (SiNx) membranes
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could be fabricated. The pores were easily wetted, Ohmic without lengthy equilibration or
conditioning times, and presented stable open-pore currents in the presence and absence of the
analytes of interest. The fundamental effect of CT-CDB was to improve the nanopore surface
chemistry from the classic amphoteric surface chemistry of conventional SiNx nanopores to
monoprotic surface termination—without a chemical functionalization step separate from the CDB
fabrication, and with the inorganic surface coating integral to the membrane. This new class of
SiNx nanopore allowed for long sensing times consistently beyond what is generally reported in
the literature: DNA traces >8 hours (~48,500 individual single-molecule events across multiple
analyte concentrations and voltages) and protein traces as long as ~75 minutes, absent any user
intervention. Open-pore currents remained steady for long measurement times, would frequently
and consistently unclog spontaneously, with the removal of an applied voltage or, less frequently,
in response to a reversal of the sensing voltage polarity. In addition to a steady pore current over
longer times, the CT-CDB pores had a 6.5× greater sensitivity to DNA than CDB pores. CT-CDB
is thus a simple, single-step fabrication, conditioning-free, and surface tuning method (without an
added organic layer) that produce instantaneously ohmic pores over a wide range of pore diameters
conducive for a range of analyte classes by overcoming hurdles such as analyte-sticking and openpore current drift while preserving all positive qualities of CDB which consequently has the
potential to appreciably encourage further studies and applications in nanopore science.
2.5 Methods
Nanopore Fabrication: Pore fabrication was done with <1 V/nm of transmembrane electric field
strength, as is typical for CDB using the custom-circuit outlined in the work of Kwok et al. through
nominally ~10 nm (NX5002Z), ~11 nm (NBPX5001Z-HR), ~12 nm (NBPX5001Z-HR) thick
free-standing SixNy membranes purchased from Norcada, Canada submerged in 1M KCl (P9333,
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Sigma-Aldrich)

buffered

at

pH~7

(10 mM

HEPES

(4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) purchased from Sigma-Aldrich (H0527)) – CDB – or a blend of
2:9 (v:v) 1M KCl: sodium hypochlorite (425044, Sigma Aldrich) – CT-CDB. Preliminary changes
of this ratio from 2:9 were not immediately promising during the exploratory phase. For fabrication
of <5 nm (diameter) nanopores, the electric field strength was set to <0.7 V/nm and for larger pore
fabrication, higher field strengths were used. After the fabrication, the content was exchanged with
4M LiCl (213233, Sigma Aldrich) buffered at pH~7 (10 mM tris buffer (J61036, Fisher Scientific))
to obtain current-voltage (I-V) curves. These were obtained after equilibration in 4 M LiCl
buffered at pH~7 for at least ~10 minutes, but no more than ~40 minutes. I-V curves were obtained
using a custom-coded LabVIEW (version 2016, National Instruments) program by ramping the
voltage from -200 mV to +200 mV and the pore size was estimated using Equation S2.1 and S2.2.
The rectification of the fabricated nanopores was calculated as the ratio of conductance at positive
voltage regime (G+) to that at negative voltage regime (G-): G+/ G-. The pores depicted in Figure
2.1a showed a G+/ G- of 1.01±0.02 –indicating the absence of rectification. Polydimethylsiloxane
(86435K43, McMaster-Carr) gaskets were used to mounted nanopore chip between two custombuilt polytetrafluoroethylene (PTFE) flow half-cells. All electrical signals were obtained using
Ag/AgCl electrodes.
Analyte Sensing Conditions
All dsDNA experiments were done in 4 M LiCl (buffered at pH~7 using tris buffer), under an
applied voltage of +200 mV, with a sampling frequency of 250 kHz and low-pass filtering of
100 kHz. dsDNA was added to the cis side (typically ~25 nM unless otherwise noted) and,
perturbations to the open-pore current as a result of analyte translocation was characterized using
depth (ΔI), duration (δt) of the resistive pulse (see methods for further details) and inter-event
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frequency (f).
For maltodextrin, 1 M KCl (10 mM HEPES) is used as the electrolyte and data were
acquired at a sampling frequency of 250 kHz and 100 kHz of lowpass filtering. Maltodextrin was
added to the trans side (same as voltage application side) at a final concentration of 13μM.
For hSTf, 4 M LiCl (buffered at pH~7 using tris buffer), applied voltage of +50 mV, with
a sampling frequency of 250 kHz and low-pass filtering of 100 kHz was used. It was added to the
cis side to a final concentration of ~250 nM (CDB pores) or ~100 nM (CT-CDB pores).
pH-Conductance Curves:

1 M KCl buffered at pH~7 (10 mM HEPES) was used as the

electrolyte. The pH was adjusted by adding HCl (H1758, Sigma-Aldrich) or KOH (306568,
Sigma-Aldrich) dropwise and the pH was measured using an Orion Star™ pH meter.
Power Spectral Density (PSD) curves: These were generated using MATLAB (version 9.4)
using the inbuilt fft function. For each PSD, a 2-second current representative trace was extracted
from nanopores submerged in 4M LiCl buffered at pH~7 using +200 mV of applied voltage,
250 kHz sampling frequency and 100 kHz lowpass filtering.
Biomolecule Preparation: dsDNA (10787018, Fisher Scientific), holo-human serum transferrin
(T0665, Sigma Aldrich) and maltodextrin (419680, Sigma Aldrich). dsDNA was used as supplied.
Stock solutions of hSTf and maltodextrin were prepared by dissolving them in ultra-pure water
(ARS-102 Aries high purity water systems or Synergy UV Millipore Ultrapure water system) with
a resistivity of >18 MΩ cm to a final concentration of ~2.5μM and ~1.7 mM (0.2% w/v),
respectively. The stock solution of hSTf and maltodextrin were stored at ~4C and used within 7
days.
Electrical Measurements: Axopatch 200B (Molecular Devices LLC, USA) was used to acquire
all current traces at a sampling frequency of 250 kHz with 100 kHz low pass filtering. Signal was
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digitized using a Digitizer 1440A (Molecular Devices LLC, USA) while instrument control was
done using Clampex software (version 10.7.0.3, Molecular Devices LLC, USA). Signal
digitization for I-V curves was done using a BNC 2110 (National Instruments, USA) while
instrument control was done using custom LabVIEW scripts (Version 15, National Instruments).
Ag/AgCl electrodes were used for all signal acquisition purposes.
Resistive Pulse Characterization: Custom-written scripts of MATLAB (version 9.4) was used
for dsDNA, maltodextrin, and hSTf event analysis. Events were classified as current perturbations
at-least five times the standard deviation of the baseline current ( 𝐼0 ). Each event was then
characterized in terms of amplitude (𝐼), duration and change in conductance (𝛥𝐺 =

𝐼0 −𝐼
𝑉

).
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Section 1: Characterization of Pore Diameter and Surface Charge Density
The diameter of the fabricated nanopores and their surface charge density were estimated using,
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Eq. S2.1

where 𝐺, 𝐾, 𝐿, 𝑟0 , 𝜎, 𝜇, 𝛼 and 𝛽 are the ionic conductance, electrolyte conductivity, nanopore
length, nanopore radius, nanopore surface charge density, surface counterion mobility, and modeldependent parameters (both set to 2) respectively.1-2 The model depicted in equation S1 assumes
a cylindrical nanopore profile (geometric contribution to overall conductance given by 𝐺bulk ) with
surface chargeable head groups (contribution to overall conductance given by 𝐺surface ). The access
resistance was initially estimated by Hille considering a semi-spherical cupola above the poreentrance and later modified by Hall assuming a planar disc at the pore entrance through the
argument that Hille’s representation was unreasonable.3 Here we used an expression for access
resistance which not only takes geometric parameters but also considers the surface chemical terms
(contributions to overall conductance given by 𝐺access ) which is more appropriate for inner
nanopore surface with chargeable head-groups. The nanopores were fabricated either using the
method outlined by Kwok et al. with conventional electrolyte 1 M KCl4 (buffered at pH ~7 using
10mM HEPES) or 2:9 bleach:1 M KCl (with ~10 mM HEPES at pH ~7 ) mixture (modified
method) and the size was estimated using Equation S1. The 𝜎 of Equation S1 can be approximated
as,2, 5
|𝜎| ≅

𝐶eff
𝛽𝑒

𝛽𝑒

𝑊 (𝐶 exp((𝑝𝐻 − 𝑝𝐾𝑎 ) ln(10) + ln(𝑒𝛤)))
eff

Eq. S2.2

where 𝑒, 𝛤, 𝑝𝐾𝑎 , 𝛽, 𝐶eff , and 𝑊 are the elementary charge, number of surface chargeable groups,
the dissociation constant of those groups, inverse of the thermal energy, effective Stern layer
capacitance, and Lambert W function respectively.
41

The G-pH raw data were then fitted using Equations S1 and S2 (𝐿, 𝑟0 , 𝛤, 𝑝𝐾𝑎 and 𝐶eff are kept as
free parameters) using the built-in non-linear-model-fit function of Mathematica (11.0.1.0) with
NMinimze method. The small experimental changes in K with pH (typically 11.3±0.3) allowed the
use of the mean 𝐾 across all pH for the fitting. With the fit parameters, we could then use Equation
S2.2 to calculate the surface charge, 𝜎, as a function of pH, and from this the best-fit surface charge
conductance, 𝐺surface, fit . We plot the 𝐺surface, fit calculated using the experimental 𝐾 and normalized
𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑓𝑖𝑡

by the total measured nanopore conductance, G, at that pH, {(

𝐺

)

𝑝𝐻𝑖

}. We express the

uncertainty in this ratio by the magnitude of the difference in the ratio when 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑓𝑖𝑡 is
calculated using the mean K.
Section 2: Representative Current Traces of CDB Nanopores
With extended current traces, the drift of the open-pore current associated with CDB nanopores is
clear as seen in Figure S2.1. However, with 100-second current traces, these are largely invisible.

Figure S2.1: (top row) Extended representative current traces and (bottom row) representative
100-second current traces in CDB nanopores resulting from dsDNA translocation through (a)
~4.6 nm and (b) ~6.2 nm diameter CDB nanopore. All translocation experiments were done in
4 M LiCl buffered at pH~7, 250 kHz acquisition rate, 100 kHz low-pass filtering, +200 mV
applied voltage with a final dsDNA concentration of ~25 nM.
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This drifting behavior has been observed on a consistent basis. We note that the severity of opencurrent drift behavior increases with increasing pore diameter. The quality of the baseline also
deteriorates with increasing pore size in the case of CDB nanopores. However, CT-CDB nanopores
show exceptional baseline stability as seen in Figure 2.2 and Figure S2.3.
Section 3: CT-CDB Nanopore Current Behavior in Response to Unclogging Strategies;
Passive Spontaneous Self-Correction, Active Voltage Zeroing & Opposite Voltage Bias

Figure S2.2: All translocation traces presented here are from 25 nM dsDNA in 4M LiCl
buffered at pH~7 (250 kHz sampling frequency and 100 kHz lowpass filtering) through CTCDB pores. (a) A ~4.9 nm pore that self corrects after an initial clog, (b) a ~4.0 nm diameter
pore that failed to self-correct was recovered by zeroing the voltage and (c) a ~4.9 nm diameter
pore unclogged by applying -200 mV. The baseline voltage is +200 mV except in (b) where it
is +150 mV and for comparison, after unclogging the pore, it is run at +200 mV for a short
while. CT-CDB pores maintained overall current level stability by spontaneous correction, and
by more active interventions including temporary cessation of applied voltage, and temporary
voltage polarity reversal.
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Figure S2.2 shows the unclogging strategies that we followed in this work for CT-CDB with some
representative instances from dsDNA runs. Nanopores used to characterize holo-hSTf showed
very similar behavior (not shown). However, if a CT-CDB pore clogs irreversibly such that the
open-pore current is not recovered spontaneously or by a passive 0 V period, attempts to unclog
with higher voltage pulses (≥0.8 V/nm—higher than the electric field used for initial pore
formation) using the CDB apparatus and conventional CDB electrolyte led to adverse pore
enlargement (this is also true for CDB pores). Such enlargement has been previously observed
(with analyte-free pores) and beneficially used for pore conditioning.6
Note: A common problem with using KCl electrolytes for longer nanopore runs is the
liquid evaporation leading to modification in the KCl concentration in the cis and trans wells.
However, in these experiments with dsNDA, we did not observe any apparent change in the liquid
level in the two Teflon wells. This is because we used LiCl for these experiments. The stronger
hydration effect of lithium-ion makes LiCl less prone to evaporation compared to its sodium and
potassium counterparts. An appreciable change in the electrolyte concentration as a result of water
evaporation would be reflected on the open-pore current (an increase could be anticipated due to
the increase in conductivity), which is not the case with the CT-CDB pores. The experiments are
carried out in a faraday cage which further minimizes evaporation.
Section 4: Representative Current Traces of CT-CDB Nanopores
In Figure S2.3, the pore was run continuously for ~4.4 hours and yielded 19,645 resistive pulses
(cumulative from all three applied voltages) before it clogged, and the open-pore current could not
be recovered by unclogging strategies outlined in Section 3. Thus, we resorted to the more
conventional method of exchanging the well content with copious amounts of water after which
the open-pore current was recovered—no change in pore diameter was observed. The pore was
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then used to obtain 3 of the 6 trials of the calibration curve presented in Figure 2.2d resulting in a
total experimental time of ~8.2 hours and ~48,500 events—the pore diameter only increased by a
meager ~0.3 nm.

Figure S2.3: Representative current traces of ~4.3 nm diameter CT-CDB pore corresponding
to translocation of ~25 nM dsDNA at (a) +100 mV, (b) +150 mV and (c) +200 mV applied
voltage. All translocation experiments were done in 4M LiCl (buffered at pH ~7), 250 kHz
sampling rate and 100 kHz lowpass filtering. Reversible clogging at +150 mV is equivalent to
those observed in Figure S2.
Section 5: Histograms and Gaussian Fitting Corresponding to dsDNA Translocations
The histograms corresponding to ΔG in Figure S2.4 were developed using the built-in Histogram
function of Mathematica 11.0.1.0 with a custom bandwidth of 0.05 nS. Each of the distributions
was then fitted with Gaussian functions, each in the form,
𝐴𝑖 exp (−

(𝛥𝐺−𝜇𝑖 )2
𝜎𝑖2

)

Eq. S2.3

where 𝐴𝑖 , 𝜇𝑖 , 𝜎𝑖 and 𝛥𝐺 is the amplitude, the mean and standard deviation of the ith Gaussian
function and change in conductance respectively. The fitting was done with the in-built function
Nonlinear-model-fit of Mathematica in Automatic mode. The individual Gaussians are shown in
dashed (black) lines and the cumulative is shown in the solid (black) line.
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Section 6: Interpretations of Histograms of dsDNA Translocations
The first population of Figure S2.4 is thought to be originated from dsDNA colliding with the pore
entrance rather than from translocations. The assignment of collisions in Figure S2.4a was further
strengthened through the diminishing of this population when larger diameter pores were used
(Figure S2.4b and S2.4c). The change in conductance as a result of dsDNA passage (Δ𝐺𝑑𝑠𝐷𝑁𝐴 ) can
be modelled using,
−1
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1

with DNA +𝜇|𝜎|∙2𝜋𝑟0 + 𝜇 ∙𝑞𝜆-DNA
𝐿
𝐾
𝐿
𝐾
𝐿

+

2
𝛼∙2𝑟with DNA +𝛽

𝜇|𝜎|
𝐾

)

Eq. S2.4

2
where 𝑟with DNA = √𝑟02 − 𝑟dsDNA
and 𝑞𝜆-DNA been effective linear charge density of lambda-DNA.

For a ~3.4 nm diameter pore (through a nominally 11 nm thick membrane submerged in 4 M LiCl
with a conductivity of 17.4 S/m) and considering the widely reported values for the hydrated radius
of dsDNA (i.e. ranging from 1.1-1.3 nm),3, 7-8 the expected ΔG from Equation S1 would range

Figure S2.4: Scatter plots (1st row) and histograms of ΔG (2nd row) as a result of dsDNA
translocating through (a) ~3.4 nm, (b) ~4.7 nm and (c) ~10.0 nm diameter CT-CDB nanopores.
All translocation experiments were done in 4 M LiCl (buffered at pH ~7), +200 mV of applied
voltage, 250 kHz sampling rate and 100 kHz lowpass filtering. The histograms were fitted with
(a) three (b) three (c) and two Gaussian functions (see SI Section 5 for fitting details).
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from ~8.6 to ~10.8 nS. Thus, the experimentally observed value from SI Figure S2.4a (~10.2 nS)
is bracketed by the predicted value range of Equation S2.4. Since the ~3.4 nm pore is not large
enough to permit a folded-over dsDNA molecule to translocate through, the third population
(~14.7 nS) could be originated from the complete blockage of the pore entrance from a given nonlinear dsDNA strand.
Section 7: Scatter Plots Corresponding to Maltodextrin Translocations

Figure S2.5: Scatter plots of change in conductance (ΔG) vs the log of translocation time (t)
corresponding maltodextrin translocating through pores fabricated from (top row) CDB and
(bottom row) CT-CDB protocols. Experiments were conducted at (a) pH ~7 using +200 mV
and (b) pH ~9 using +200 mV with 250 kHz sampling frequency and 100 kHz lowpass filtering
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Section 8: Representative Current Traces Corresponding to hSTf Translocations

Figure S2.6: Representative 30-second current traces of hSTf translocations through (a)
~11.9 nm CT-CDB pore, (b) 17.2 nm CT-CDB pore, (c) 17.9 nm CDB pore and (d) 20.4 nm
CT-CDB pore. (e) Extended current trace of ~75 minutes through a ~14 nm CT-CDB pore. All
experiments were done in 4M LiCl (buffered at pH~7) under +50 mV of applied voltage
(100 kHz lowpass filtering, 250 kHz sampling rate) with ~100 nM hSTf except in (c) where
the concentration was ~250 nM.
Section 9: Histograms and Heat Maps Corresponding to hSTf Translocations
The change in conductance (ΔG) histograms shown in Figure S2.7 was constructed using a custom
bin width of 1 nS and subsequently fitted with the formula
1

𝜙𝑓b = 2 (1 − 𝜃) ∑2𝑖=1 𝐴𝑖 exp (−

(𝛥𝐺−𝜇𝑖 )2
𝜎𝑖2

)

Eq. S2.5

where 𝐴𝑖 , 𝜇𝑖 , 𝜎𝑖 and 𝛥𝐺 are the amplitude, the mean and standard deviation of the ith Gaussian
function and change in conductance respectively. The step function, (1 − 𝜃), was set to 1 when
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ΔG>ΔGmin-Bwidth, where ΔGmin and Bwidth are the minimum ΔG and bin width. Otherwise, it was set
to 0. The peak of lower ΔG and higher ΔG populations in Figure S2.7 will be assigned as ∆𝐺𝑝,𝑐
and ∆𝐺𝑝,𝑓 respectively.

Figure S2.7: Histograms corresponding to the conductance change (ΔG) as result of hSTf
translocating through (a) ~11.9 nm CT-CDB pore, (b) ~13.8 nm CDB pore, (c) 17.2 nm CTCDB pore, (d) 17.9 nm CDB pore, (e) 20.4 nm CT-CDB pore and (f) 27.8 nm CT-CDB pore.
The inset shows the corresponding heatmaps overlaid with the scatter plots of ΔG vs.
translocation time. All experiments were done in 4M LiCl (buffered at pH~7) under +50 mV
of applied voltage (100 kHz lowpass filtering, 250 kHz sampling rate) with ~100 nM hSTf
except in (d) where the concentration was ~250 nM.
Section 10: ∆𝑮𝒑 of hSTf with CT-CDB Pore Diameter
The holo-hSTf data collected from CT-CDB ~10-28 nm diameter pores, provides us the
opportunity to model the change in open-pore conductance (as a result of protein translocation
(𝛥𝐺𝑝 )) as a function of open-pore radius (𝑟0 ) of a cylindrical nanopore,
𝛾·𝛬

𝛥𝐺𝑝 = 𝐾 (𝐿+1.6𝑟 )2 𝑆𝑟,𝑑

Eq. S6

0

Where 𝛬 , 𝛾 , and 𝑆𝑟,𝑑 are transiently excluded electrolyte volume, the shape factor, and the
correction factor.9-10 The format of the equation allows us to uniquely optimize only the product
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′
𝛾 ∙ 𝑆𝑟,𝑑 (𝑆𝑟,𝑑
). We fit with the product of the three terms (𝛬, 𝛾, and 𝑆𝑟,𝑑 ) using reasonable values

for 𝛬 based on the literature reported range for hSTf (144 ± 45 nm3): 𝛬 = 144 − 45 nm3 = 99
′
nm3 (case 1), 𝛬 =144 nm3 (case 2) and 𝛬 = 144 + 45 nm3 = 189 nm3 (case 3). The 𝑆𝑟,𝑑
for each

of the cases (from the fit) was ~5.7, ~3.9 and ~3.0 respectively. The 𝑆𝑟,𝑑 is typically assumed to
be 1, and the value of 𝛾 assumed to equal 1.5 (the ideal value for a spherical protein).11 Equation
S6, unlike Equation S2.4 (for DNA), does not have provisions to account for surface charge
contributions of the analyte and the nanopore surface. This, coupled with any shape change of the
′
protein as a result of the voltage application could lead to the observed departure of 𝑆𝑟,𝑑
from its

ideal value (i.e. 1).

Figure S2.8 (a) ∆𝐺𝑝,𝑐 and (b) ∆𝐺𝑝,𝑓 (see section 9 for assignment) as a function of pore
diameter of nanopores fabricated from the CT-CDB protocol. The vertical and horizontal error
bars are the error in the Gaussian fit (3×) and error originating from membrane thickness
uncertainty (±2 nm, provided by the manufacturer) respectively. The overlapped solid-lines in
(b) is a fit made using equation S6 with 𝛬 =99 nm3 (case 1), 𝛬 =144 nm3 (case 2) and
𝛬 =189 nm3 (case 3). All experiments were done in 4M LiCl (buffered at pH~7) under +50 mV
of applied voltage (100 kHz lowpass filtering, 250 kHz sampling rate) with ~100 nM hSTf.

50

References
1. Detcheverry, F.; Bocquet, L., Thermal Fluctuations in Nanofluidic Transport. Physical Review
Letters 2012, 109 (2), 024501.
2. Bandara, Y. N. D.; Karawdeniya, B. I.; Dwyer, J. R., Push-Button Method To Create Nanopores
Using a Tesla-Coil Lighter. ACS Omega 2019, 4 (1), 226-230.
3. Kowalczyk, S. W.; Grosberg, A. Y.; Rabin, Y.; Dekker, C., Modeling the conductance and DNA
blockade of solid-state nanopores. Nanotechnology 2011, 22 (31), 315101.
4. Kwok, H.; Briggs, K.; Tabard-Cossa, V., Nanopore fabrication by controlled dielectric
breakdown. PLoS One 2014, 9 (3), e92880.
5. Bandara, Y. N. D.; Karawdeniya, B. I.; Hagan, J. T.; Chevalier, R. B.; Dwyer, J. R. J. A. a. m.;
interfaces, Chemically Functionalizing Controlled Dielectric Breakdown Silicon Nitride
Nanopores by Direct Photohydrosilylation. ACS Applied Materials and Interfaces 2019, 11 (33),
30411-30420.
6. Beamish, E.; Kwok, H.; Tabard-Cossa, V.; Godin, M., Precise control of the size and noise of
solid-state nanopores using high electric fields. Nanotechnology 2012, 23 (40), 405301.
7. Tirado, M. M.; Martínez, C. L.; de la Torre, J. G., Comparison of theories for the translational
and rotational diffusion coefficients of rod‐like macromolecules. Application to short DNA
fragments. The Journal of Chemical Physics 1984, 81 (4), 2047-2052.
8. Douglas, S. M.; Dietz, H.; Liedl, T.; Högberg, B.; Graf, F.; Shih, W. M., Self-assembly of DNA
into nanoscale three-dimensional shapes. Nature 2009, 459 (7245), 414.
9. Yusko, E. C.; Johnson, J. M.; Majd, S.; Prangkio, P.; Rollings, R. C.; Li, J.; Yang, J.; Mayer,
M., Controlling protein translocation through nanopores with bio-inspired fluid walls. Nature
Nanotechnolagy 2011, 6 (4), 253-260.
10. Saharia, J.; Bandara, Y. N. D.; Goyal, G.; Lee, J. S.; Karawdeniya, B. I.; Kim, M. J., MolecularLevel Profiling of Human Serum Transferrin Protein through Assessment of Nanopore-Based
Electrical and Chemical Responsiveness. ACS Nano 2019, 13 (4), 4246-4254.
11. Grover, N.; Naaman, J.; Ben-Sasson, S.; Doljanski, F., Electrical sizing of particles in
suspensions. Biophysical Journal 1969, 9 (11), 1398-1414.
51

CHAPTER 3: PREFACE
Published: Electrophoresis 2021, 42,899-909.

CHAPTER 3: ASSESSMENT OF 1/f NOISE ASSOCIATED WITH NANOPORES
FABRICATED THROUGH CHEMICALLY-TUNED CONTROLLED DIELECTRIC
BREAKDOWN

Reprinted with permission from {Jugal Saharia, Y. M. Nuwan D. Y. Bandara, Buddini Iroshika
Karawdeniya, George Alexandrakis and Min Jun Kim. Assessment of 1/f Noise Associated with
Nanopores Fabricated Through Chemically Tuned Controlled Dielectric Breakdown.
Electrophoresis 2021, 42, 899-909 DOI: https://doi.org/10.1002/elps.202000285}. Copyright
2020 Wiley-VCH GmbH

52

CHAPTER 3: ASSESSMENT OF 1/f NOISE ASSOCIATED WITH NANOPORES
FABRICATED

THROUGH

CHEMICALLY-TUNED

CONTROLLED

DIELECTRIC

BREAKDOWN

Jugal Saharia1, Y. M. Nuwan D. Y. Bandara1, Buddini I. Karawdeniya1, George Alexandrakis2,
and Min Jun Kim1*
1

Department of Mechanical Engineering, Southern Methodist University, Dallas, TX, 75275,

USA.
2

Department of Bioengineering, University of Texas at Arlington, Arlington, TX 76019, U.S.A.

Corresponding Authors: mjkim@lyle.smu.edu
3.1 Abstract
Recently we developed a fabrication method – chemically-tuned controlled dielectric
breakdown (CT-CDB) – that produces nanopores surpassing legacy drawbacks associated with
solid-state nanopores (SSNs). However, the noise characteristics of CT-CDB nanopores are largely
unexplored. In this work, we investigated the 1/𝑓 noise of CT-CDB nanopores of varying solution
pH, electrolyte type, electrolyte concentration, applied voltage, and pore diameter. Our findings
indicate that the bulk Hooge parameter (𝛼𝑏 ) is comparable with SSNs fabricated by transmission
electron microscopy (TEM) whereas the surface Hooge parameter (𝛼𝑠 ) is ~3 order magnitude
greater. The 𝛼𝑠 of CT-CDB nanopores was ~6 orders of magnitude greater than their 𝛼𝑏 , which
suggests that the surface contribution plays a dominant role in 1/𝑓 noise. Experiments with DNA
exhibited increasing capture rates with pH up to pH ~8 followed by a drop at pH ~9 perhaps to the
onset of an electroosmotic force acting against the electrophoretic force. The 1/𝑓 noise was also
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measured for several electrolytes and LiCl was found to outperform NaCl, KCl, RbCl and CsCl.
The 1/𝑓 noise was found to increase with the increasing electrolyte concentration and pore
diameter. Taken together, the findings of this work suggest the pH ~7-8 range to be optimal for
DNA sensing with CT-CDB nanopores.
KEYWORDS: Chemically-tuned controlled dielectric breakdown, Hooge parameter, Nanopore
3.2 Introduction
A nanopore sensing device in its simplest definition is a nanoscale aperture spanning an
impervious biological or solid-state membrane. The analyte is added to one side (typically the cis
side) and driven through the nanopore in response to a voltage bias applied to the other side (trans
side). When the analyte translocates through the membrane, it causes a perturbation in the openpore current (i.e., resistive pulses or events) stamping information characteristic of the analyte 1.
The reach of nanopore applications is extensive and has been utilized to analyze small molecules
2-6

, bioparticles

7-11

, nanoparticles

12

, and polymers

13

. Biological nanopores, despite being

available on a limited size range, offer better signal resolution because of their low-noise
characteristics. High noise is an inherent problem that has hampered the progress of solid-state
nanopores (SSNs) while its origin may partly arise from the fabrication and characterization
conditions

14-15

. This (high noise) has restricted SSNs from competing with their biological

counterparts especially in sequencing efforts for which the noise level should be 5× smaller than
1% of the open-pore ionic current

16

. Specifically, the low noise associated with biological

nanopores has paved the way to study ionic current modulations arising from molecular and ionic
transport whereas such efforts are challenging with SSNs. Membrane type, operational chemistry
(e.g., electrolyte type, concentration and pH), instrumentation (e.g., low-pass filter setting), and
temperature significantly govern the noise associated with SSNs. Chemical, physical, and
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electronic approaches have been proposed and adopted with varying degrees of success to counter
the inherent noise of SSNs. For example, surface passivation by atomic layer deposition (ALD) of
homogenously layered thin films of material 14, ionic liquids to minimize fluctuations in the local
electrolyte conductivity 17, polydimethylsiloxane (PDMS) coating to reduce the dielectric noise of
nanopore chips 18, piranha treatment to reduce flicker noise 18 and use of materials with lower loss
factors 19 are among the key strategies explored to reduce noise in SSNs.
The noise associated with nanopores could be segmented into four frequency regions: (i)
1/𝑓 type noise (𝑆𝑓 ), (ii) white noise (𝑆𝑤 , shot and thermal noise which is also frequencyindependent), (iii) dielectric noise (𝑆𝑑 ) and (iv) amplifier noise (𝑆𝑎 ) 20. In the case of silicon nitride
(SixNy) – the ubiquitous choice of nanopore membrane material – the noise is dictated by dielectric
and low-frequency noise (1/𝑓 type) 18. Although the exact origin of 1/𝑓 noise is uncertain, several
mechanisms have been proposed over the years 21-23. More importantly, the 1/f noise captures the
contributions from the bulk and surface conductance which are inextricably linked with physical
(e.g., shape and, size) and chemical (e.g., 𝑝𝐾) parameters of the nanopore 20, 24-26. The white noise
is thought to be comprised of thermal and shot noise and can be expressed as, 𝑆𝑤 = 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 +
𝑆𝑠ℎ𝑜𝑡 = 4𝐾𝑇𝐺 + 2𝐼𝑒 where K, T, G, I and e are the Boltzmann constant, temperature, open-pore
conductance, ionic current, and elementary charge respectively 20. Looking at the expression for
𝑆𝑤 , it can be inferred that, for example, decreasing the pore diameter and increasing the pore length
(both would decrease G) will reduce overall white noise. However, care should be taken as the
former would encourage irreversible pore clogging with the analyte (or it could prevent the entry
of the analyte if the pore size was too small). The dielectric noise originates from the thermal
fluctuation of the leakage current and can be expressed as, 𝑆𝑑 = 8𝜋𝐾𝑇𝐷𝐶𝑐ℎ𝑖𝑝 𝑓 where D and 𝐶𝑐ℎ𝑖𝑝
are dielectric constant and membrane capacitance. It is clear that 𝑆𝑑 can be reduced by
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manipulating 𝐶𝑐ℎ𝑖𝑝 and D. Coating the chip with an insulating material (e.g., PDMS) would reduce
𝐶𝑐ℎ𝑖𝑝 . Additionally, use of a material with a low loss factor such as quartz 19 would reduce 𝑆𝑑 as
well – unlike SixNy which suffers from high loss factor of Si leading to higher 𝑆𝑑 .
A host of methods are available for SSN fabrication

27-31

, and in this work, we used

nanopores fabricated through chemically-tuned controlled dielectric breakdown (CT-CDB) and
assessed their 1/𝑓 noise for different electrolyte types (LiCl, NaCl, KCl, RbCl and, CsCl) in a
range of electrolyte concentrations (0.5 M-4 M), pH values (2-12), applied voltages (25 mV200 mV), and pore diameters (~6 nm-~32 nm). The CT-CDB nanopores have been shown to
outperform their CDB counterpart in both sensitivity and stability aspects

32

. The noise

characteristics of CT-CDB nanopores have not been investigated yet. Given the advantages that
the CDB process carries (e.g., low-cost overhead, time efficiency, and solution-based fabrication),
coupled with the improvements offered by CT-CDB (e.g., excellent baseline stability over several
hours, less prone to analyte clogging, and higher responsiveness to negatively charged analytes,
i.e., DNA and proteins), it is imperative to assess the noise properties of CT-CDB nanopores to
lay the groundwork for further improvement of their sensing capabilities.
3.3 Materials and methods
Nanopore Fabrication
All nanopores were fabricated through nominally ~12 nm thick silicon nitride (SixNy) purchased
from Norcada Inc (NBPX5001Z-HR). To minimize device-to-device variations that may arise
because of the membrane fabrication process, we used devices from the same batch (lot number
L04079-02) supplied from Norcada Inc. In brief, both cis and trans side reservoirs were filled with
a blend of 2:9 sodium hypochlorite (425044, Sigma Aldrich): 1 M KCl (P9333, Sigma-Aldrich)
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buffered at pH ~7 using 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
Sigma-Aldrich, H0527) 32. An electric field <1 V/nm was applied until a rapid surge in the leakage
current was observed, which indicated pore formation. Then controlled voltage pulses were
applied until the pore size of interest was reached.
Nanopore Size Estimation
After the pore formation, the content in the flow cells was exchanged with the electrolyte of interest
(e.g., 1 M KCl buffered at pH ~7). A current-voltage curve (I-V) could be directly obtained by
recording the average current at applied voltage steps for a 10 second period and from the slope of
it (i.e., open-pore conductance, G), the diameter of the pore was estimated using the following
conductance model,
1
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Eq. 3.1

where 𝐺 , 𝑟0 , 𝐿, 𝐾, 𝜎, 𝜇, 𝛼 and 𝛽 are the open pore conductance, nanopore radius, membrane
thickness, electrolyte conductivity, nanopore surface charge density, mobility of counter-ions
proximal to the surface, and model-dependent parameters (both parameters were set to 2),
respectively 32-33. Nanopores are available in a wide variety of shapes and a cylindrical geometry
was assumed for Eq. 1 34-36. The 𝜎 of Eq. 1 can be approximated as,
|𝜎| ≅

𝐶eff
𝛽𝑇

𝛽 𝑒

𝑊 ( 𝐶𝑇 exp((𝑝𝐻 − 𝑝𝐾) ln(10) + ln (𝑒𝛤)))
𝑒
eff

Eq 3.2

where 𝑒, 𝛤, 𝛽𝑇 , 𝐶eff , and 𝑊 are the elementary charge, number of surface chargeable groups, the
inverse of the thermal energy, effective Stern layer capacitance, and Lambert W function,
respectively 37.
Electrolyte and DNA Preparation
All electrolytes were prepared (purchased through Sigma Aldrich) by dissolving the as-supplied
57

salts (LiCl (213233), NaCl (S5886), KCl (P9333), RbCl (R2252) and CsCl (289329)) in >18
MΩ cm resistivity ultra-pure water (ARS-102 Aries high purity water systems). All electrolytes
were buffered using 10 mM Tris buffer (J61036, Fisher Scientific). Electrolytes were then filtered
using 0.22 µm vacuum filter units (Millipore Sigma Stericup, S2GPU05RE) and the pH was
adjusted by adding concentrated drops of HCl (H1758, Sigma-Aldrich) and/or KOH (306568,
Sigma-Aldrich). Both pH and conductivity were measured using an Orion Star™ pH meter.
Double-stranded DNA (dsDNA, 1kb) was purchased from Fisher Scientific (10787018).
The dsDNA was added to the cis side to a final concentration of ~17 ng/μL. All experiments were
done using 4 M LiCl buffered using 10 mM tris buffer, +200 mV of applied voltage, 100 kHz low
pass filtering, and 250 kHz sampling frequency.
Electrical Measurements
All measurements were done using Ag/AgCl electrodes using the voltage-clamp mode of the
Axopatch 200B low-noise amplifier (Molecular Devices LLC). Signals were acquired at 250 kHz
and filtered at 10 kHz using the Bessel filter of the Axopatch system. The signal was digitized
either using a BNC 2110 (National Instruments) for I-V measurements (Axopatch controlled
through custom-coded Labview scripts), or Digidata 1440A (Molecular Devices LLC) for power
spectral density (PSD) and DNA sensing experiments.
Power Spectral Density (PSD) Measurements
Each nanopore was equilibrated in the experimental electrolyte solution for at least 15 minutes
after which the open-pore current was acquired at 50 mV (unless otherwise mentioned) for at least
~60 seconds. Representative 2-second current traces (500,000 current points) were then fastFourier-transformed using the fft function of MATLAB (R2018a) to compute the PSD curve. A
minimum of two traces of the 60-second trace were used for statistical analysis. The fitting of the
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low-frequency range of the PSD is outlined in SI Section 2 and Section 2.6.
Fitting the Low Noise Component of Power Spectral Density (PSD)
Since the solution chemistry metrics used in this study (pH, electrolyte type, and concentration)
are reflected through the low-frequency noise regime of the PSD spectra, high frequency 𝑆𝑑 and
𝑆𝑎 noise components were disregarded. The work of Fragasso et. al. proposed a model comprising
of 𝑆𝑤 , 𝑆𝑓 and a Lorentzian shape noise component to fit the low-frequency noise range

24

. The

latter (i.e., Lorentzian shape noise) was noted to be more conspicuous in smaller diameter
nanopores while mainly serving as a fitting parameter and not being inherently present in all
nanopores. The magnitude of the 1/𝑓 component has been found to obey Hooge’s
phenomenological relation and was quantified using,
𝛼

𝐼2

𝑐

𝑓

𝑆𝑓 = 𝑁 ∙

Eq. 3.3

where 𝛼 , 𝑁𝑐 , 𝐼 , and 𝑓 are the Hooge parameter, total charge carriers, averaged current and
frequency, respectively 25-26. Having low 1/𝑓 noise characteristics is essential to maintain a lower
𝐼𝑟𝑚𝑠 (root mean square current) at bandwidths where biomolecule translocation experiments
operate

14, 18

. Other formulations for 𝑆𝑓 have been proposed which capture surface, access, and

geometric contributions of the pore 24. In this study, the low frequency noise was fitted using,
Α

𝑆𝑙𝑜𝑤,𝑓 = 𝑆𝑤 + 𝑓

Eq. 3.4

where A is a constant that captures contributions from the bulk, surface, and access resistance
components of the nanopore as outlined later in Eq. 5. Each PSD was fitted using Eq. 4 and the
1/𝑓 noise at 1 Hz (𝑆1/𝑓,1𝐻𝑧 ) was extracted for comparison purposes (see SI Section 2 for fitting
details). Since a fit is less susceptible to point-variations, we resorted to the fit value rather than
taking the raw PSD value corresponding to the frequency of interest. We used ~11 nm diameter
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pores (unless otherwise mentioned) and measured the open-pore current at 10 kHz low-pass
filtering with buffered electrolyte to construct PSDs.
Eq. 3.1 can be segmented into three resistance regimes: cylindrical (

(
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), surface

). Both cylindrical (𝑅𝑐𝑦𝑙 ) and surface (𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) resistances

are parallel to each other and the access (𝑅𝑎𝑐𝑐𝑒𝑠𝑠 ) resistance is in series to the resultant of 𝑅𝑐𝑦𝑙 and
𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑅𝑝𝑜𝑟𝑒 =𝑅𝑐𝑦𝑙 // 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 with ‘//’ indicating the resistors are parallel to each other). Thus,
the total ionic resistance (𝑅𝑡𝑜𝑡𝑎𝑙 ) of the pore become 𝑅𝑝𝑜𝑟𝑒 +𝑅𝑎𝑐𝑐𝑒𝑠𝑠 . Using these definitions, the
1/𝑓 noise can be expressed as,
𝑉2
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Eq. 3.5

where V, 𝑁𝑥 , 𝛼𝑏 and 𝛼𝑠 are applied voltage, number of charge carriers corresponding to each ionic
resistor component, and Hooge parameter for the bulk and surface 1/𝑓 noise respectively 24. The
𝜎 associated with 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 can be calculated using Eq. 2. Alternatively, streaming
potential

38

and surveying the open-pore conductance with electrolyte concentration

39

are also

used in literature for the estimation of 𝜎. Two different Hooge parameters are used because the
noise arising from the bulk and surface resistors of the nanopore are different 24. The definitions
of 𝑁𝑥 are provided in the SI Section 1. Using the definitions provided in SI section 1 and Eq. 3.2,
a plot of 𝑆1/𝑓 with solution pH can be fitted with Eq. 3.5 (Figure 3.1b) while having 𝛼𝑏 , 𝛼𝑠 , 𝑝𝐾
and 𝐶eff as free parameters. The 𝐿 was set to the nominal membrane thickness (12 nm).
3.4 Results and discussion
Noise Characteristics with pH
The proton exchange model is widely used as an explanation for the pH-dependent noise
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which can be expressed in a more general way as,
𝜒 − + 𝐻 + ⇌ 𝜒𝐻

Equilibrium 3.1

where 𝜒 − and 𝜒𝐻 are the deprotonated and protonated states of the surface head groups governed
by an equilibrium constant 𝑝𝐾 (defined as the logarithmic ratio of the protonation (𝐾𝑝 ) and
deprotonation (𝐾𝐷 ) rate constants). The silanol chemistry is often used to mimic the chemistry of
SixNy, yet the pH-G surveying (of CT-CDB nanopores) contradicts the amphoteric SixNy surface
behavior and points to an acidic-head group rich surface chemistry. It is still unclear as to what
chemical species play a vital role in the surface chemistry of CT-CDB nanopores. Thus, to account
for this ambiguity, we used the symbol 𝜒 as a generalization method. The surface 𝑝𝐾, which is
consequently different from the bulk value due to steric effects

40

, can be calculated by, for

example, surveying the open-pore conductance (obtained from Eq. 1), or noise (obtained from Eq.
5) with pH 32, 37, 41. The knowledge of 𝑝𝐾 is important for biomolecule translocation experiments
as it would govern the surface charge density (of the pore surface) at a given solution pH and
thereby the electroosmotic force (EOF) acting on the molecule, which could be opposing or
reinforcing the electrophoretic force (EPF). Additionally, the position of equilibrium 1, which is
inextricably linked with the 𝑝𝐾 (and solution chemistry), would influence the low-frequency noise
level of the device (explained later in Section 3.3). Thus, the knowledge of 𝑝𝐾 allows one to strike
a balance between the forces acting on the molecule (i.e., EOF and EPF) and the noise associated
with the device which will be discussed subsequently.
To calculate the 𝑝𝐾 using noise characteristics, the 1/𝑓 noise at 1 Hz ( 𝑆1/𝑓,1𝐻𝑧 ) was
plotted against solution pH as seen in 1b (see Fitting Low Noise Component of Power Spectral
Density (PSD) under Materials and Methods for noise calculation details). The raw data were then
fitted with Eq. 5 (see SI Section 2 for fitting details). The 𝑆𝑤 did not show an appreciable change
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with pH as seen in Figure S3.2. The averaged value of 𝑆𝑤 across the pH range (from 2 unique
nanopores) was found to be 4.4×10-3±1.7×10-3 pA2/Hz, which is comparable (in the same order of
magnitude) with that reported for TEM-based nanopores 24. From the fit of Figure 3.1b (using two
unique nanopores), the 𝑝𝐾 , 𝛼𝑏 and 𝛼𝑠 were found to be ~9.8±0.2, ~6.2×10-6±4.4×10-6 and,
~13.3±3.0 respectively. The 𝑝𝐾 is within the error range of the 𝑝𝐾 obtained for CT-CDB
previously

32

. The 𝛼𝑠 is ~6 orders of magnitude greater than 𝛼𝑏 , which suggests the 1/𝑓 noise

arising from the surface contributions is greater than that arising from the bulk contributions. The
higher contribution of the surface Hooge parameter compared to its bulk counterpart has been
reported before both in SSNs and semiconductor devices 24, 42. As seen in Figure 3.1b, the noise is
nearly plateaued up to pH ~8 and then starts to rise rapidly with increasing pH. This behavior is
inextricably linked with the pH-G pattern shown in Figure 3.1c where G starts to rice with pH at
higher pH values. This can be attributed to the onset of the deprotonation of surface head groups
as shown previously32, 37. Thus, as the pH is increased, the surface contribution to the overall noise
of the device increases. The 𝛼𝑏 reported herein is comparable with that reported for TEM-based
SSNs whereas the 𝛼𝑠 of CT-CDB nanopores is ~3 orders magnitude greater than the previously
reported 𝛼𝑠 for TEM-based SSNs 24, 43. Although CT-CDB nanopores offer capabilities that justify
its adoption for measurements at physiological pH values (and below) – less prone to clogging,
higher sensitivity to a negatively charged analyte, excellent temporal open-pore stability among
others
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– its noise performance starts to decay rapidly at higher pH values. Since most

translocation experiments with nanopores are carried out at pH ≤ 8, we do not see this as a
detrimental limitation hindering the advancement of CT-CDB nanopores. Looking at equations 1,
2, and 5, when 𝜎 approaches zero (i.e., 𝜎 → 0), 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ⟶ ∞ and 𝑅𝑝𝑜𝑟𝑒 and 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 reduces to
1

𝑅𝑐𝑦𝑙 and 𝐾∙𝛼∙𝑟 respectively. Thus, Eq. 3.5 reduces to
0
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Eq. 3.6

where 𝑅𝑡𝑜𝑡𝑎𝑙 of Eq. 6 is the linear addition of 𝑅𝑐𝑦𝑙 and 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 . Eq. 6, unlike Eq. 5, is pHindependent and solely depends on the geometric parameters of the nanopore. Thus, the condition
outlined in Eq. 6 would be satisfied in the plateaued region of Figure 3.1b (i.e., pH <~8). As an
auxiliary method of estimating the 𝑝𝐾 , the open-pore conductance was plotted against the
operational pH as shown in Figure 3.1c. The open-pore conductance was then fitted using
equations 1 and 2, and the 𝑝𝐾 was found to be ~10.6±0.5. This is about ~0.8 units (of 𝑝𝐾) higher
than previously-reported values 32. However, the upper error limit of the previously reported value
and the lower error limit of the value reported herein are mere ~0.2 𝑝𝐾 units apart. Although we
used the same nanopore device product (from Norcada Inc.) in the two studies, they came from

Figure 3.1 (a) The power spectral density (PSD) curves corresponding to solution pH ~2, ~4,
~6, ~8, ~10 and ~12, (b) 1/𝑓 noise at 1 Hz (𝑆1/𝑓,1𝐻𝑧 ) as a function of solution pH with the solid
line being a fit made using Eq. 3.5. (c) Open-pore conductance as a function of the solution pH
with the solid line being a fit made using equations 3.1 and 3.2. All experiments were conducted
using 0.5 M LiCl at +50 mV applied voltage, 10 kHz low-pass filtering and 250 kHz sampling
rate. See Figure S3.1 for fit-lines corresponding to Eq. 3.4, 𝑆𝑤 and 𝐴/𝑓 components at each pH
shown in Figure 3.1a.
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two different production batches. Thus, any surface composition difference that arises during the
wafer fabrication process (or any other workflow step that influence the elemental/stoichiometric
composition of the device) would be reflected in the 𝑝𝐾 we obtained through the fit of Figure 3.1c
(𝛤, 𝐶eff , 𝑝𝐾 and 𝑟0 were set as free parameters whereas the 𝐿 was set to 12 nm—the nominal
membrane thickness). However, for pore performance and size estimation, the useful pH is
typically ≤8 where the surface parameters play a negligible contribution to the overall conductance
(i.e., 𝜎~0).
DNA Response with Solution pH
Although the 1/𝑓 noise did not appreciably change up to pH ~8, it is important to strike a
balance between analyte responsiveness and solution pH. For example, the isoelectric point (𝑝𝐼)
of DNA (although base-pair composition-dependent) is generally around ~5

44

. Therefore, even

though the 1/𝑓 noise is low at pH ~5, the net charge of DNA would be close to zero, resulting into
a small EPF imparted on it. Thus, the throughput at pH ~5 would be meagre as evident in Figures
3.2a and 3.2f. For any translocation experiment, there is an onset time, which is defined as the time
required to initiate the translocation process. At pH ~5, we did not observe appreciable events for
~60 minutes. Nanopore devices are expected to be high-throughput platforms and such a wait time
defeats the motive for using SSNs for sensing. Although the event rate increased at pH ~6 (Figures
3.2b and 3.2f), the device was more prone to transient clogging at these two pH values (pH ~5 and
~6), likely due to the low EPF imparted on the DNA molecule. The event rates at pH ~7, ~8, and
~9 were at least 9.5× greater than that at pH ~6. We observed an increase in event rate up to pH
~8 and a drop at pH ~9. This drop in event rate could be due to the on-set of the EOF of the CTCDB. Given the surface charge density at pH ~7, ~8 and ~9 (-0.097 mC/m2, -0.97 mC/m2 and 9.67 mC/m2 respectively; calculated from the fit of Figure 3.1c and Eq. 3.2), the EOF would be
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opposing the EPF. Experiments beyond pH ~9 were not carried out as hydrolysis and denaturing
could happen, which would alter the structural properties of DNA. Statistically significant event
counts (>1000) were obtainable only for pH ~7, ~8, and ~9. The conductance change due to DNA
translocations was modelled as described previously (see SI Section 3 for fitting details) The ratio
of the folded-over to linear translocations were found to be ~1.95±0.06, 1.89±0.02, and 2.05±0.01
for pH~7, pH~8 and pH~9, respectively, which is in close agreement with the ideal expected value
(i.e., 2 45). Considering the noise behavior of CT-CDB nanopores and their DNA responsiveness
with pH, a pH of ~7 or ~8 would be more conducive for sensing experiments with DNA. Thus, we
chose pH ~7 (closer to the physiological pH of 7.4±0.5) for further investigation of the noise
characteristics associated with CT-CDB nanopores.

Figure 3.2 (a) 60-second current traces at (a) pH ~5, (b) pH ~6, (c) pH ~7, (d) pH ~8, and (e)
pH ~9 in response to +200 mV. (f) The capture rate corresponding to each of the dsDNA
translocation experiments of (a)-(e) All experiments were done using ~10.5±0.4 nm diameter
pores, 100 kHz low pass filtering, and 250 kHz sampling frequency. Scatter Plots and
histograms corresponding to change in conductance due to DNA translocation at pH ~7, pH ~8
and pH ~9 is shown in Figure S3.3.
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Noise Characteristics with Electrolyte Type
The equilibrium with surface chargeable head groups and metal ions are thought to play a
vital role in the low-frequency noise characteristics and can be expressed as 46,
𝜒𝐻 + 𝑀𝑛+ ⇌ 𝜒𝑀𝑛−1 + 𝐻 +

Equilibrium 3.2

where 𝑀𝑛+ is an n-valent cation. Higher noise can be expected if the exchange reaction occurs
frequently, which is the case when the binding energies of 𝜒𝐻 and 𝜒𝑀𝑛−1 are comparable. Thus,
when Equilibrium 2 is favored to either side (i.e., the binding energies are far apart), a reduction
in the 1/𝑓 noise can be expected. This is because, when the equilibrium is favored to one side, the
exchange rate between the metal ions, M n+ and the protons (H + ) will be low, resulting in low ionic
current fluctuations. The noise also depends on the adsorption affinities of the metal ions. Smaller
radii ions are shown to have a higher affinity for silanol groups

46

. Although the exact surface

chemistry of nanopores fabricated on SixNy membranes by the CT-CDB method is not well
understood, considering the membrane material, the surface could be thought to be rich in some
silicon-based acidic head group. The 1/𝑓 component of PSD spectra at 1 Hz shown in Figure 3.3a
for LiCl (black), NaCl (red), KCl (blue), RbCl (green) and CsCl (purple) indicates, 𝑆1/𝑓,1𝐻𝑧
increases up to KCl and starts to decrease afterwards. The conductivities of the solutions were
different as they had different ionic properties. The conductivities of 0.5 M solutions of LiCl, NaCl,
KCl, RbCl and CsCl were 4.07 S m-1, 4.55 S m-1, 5.78 S m-1, 5.96 S m-1 and, 6.08 S m-1
respectively. Thus, to enable comparisons, we normalized 𝑆1/𝑓,1𝐻𝑧 with the square of the openpore current (𝑆1/𝑓,1𝐻𝑧 /𝐼 2 ) as shown in Figure 3.3c. Interestingly, the noise level of 0.5 M LiCl was
~1 order magnitude less than the rest of the electrolyte and, unlike Figure 3b, there was no
appreciable difference in the noise level between the rest of the electrolytes. These findings
partially contradict the results presented by Matsui et. al. for CDB fabricated nanopores, where an
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increase in normalized noise with increasing cationic radius (i.e., increasing atomic number) was
observed

46

. Figures 3.3b and 3.3c suggest that LiCl possesses lower 1/𝑓 noise characteristics

compared to the rest of electrolyte and may presumably be due to the suppression or favoring one
side of Equilibrium 2. Since LiCl exhibits the lowest 1/𝑓 noise characteristics and is able to shield
the charge of biomolecules to slow their transit through the nanopore

47

, it is evident, unless a

detrimental structural change is caused as a result of the presence of Li+, that LiCl may be the

Figure 3.3 (a) The power spectral density (PSD) curves corresponding to (0.5 M) LiCl, NaCl,
KCl, RbCl and CsCl at +50 mV applied voltage and 10 kHz low pass filtering. (b) 𝑆1/𝑓,1𝐻𝑧
(1/𝑓 noise at 1 Hz) and (c) negative log of 𝑆1/𝑓,1𝐻𝑧 /𝐼 2 (noise at 1 Hz normalized by the square
of open-pore current) of each electrolyte type. (d) 𝑆1/𝑓,1𝐻𝑧 and (e) Open-pore conductance with
time corresponding to 0.5 M LiCl (black) and 0.5 M KCl (red). Extended current traces
corresponding to (e) are shown in Figure S4. The solid lines in (e) are linear fits made to the
raw data. The rate of growth (i.e., the slope of the linear fit) for 0.5 M LiCl and 0.5 M KCl were
found to be ~0.012 pA/s and ~0.002 pA/s respectively.
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better electrolyte to use for nanopore experiments with CT-CDB nanopores.
The experimental time scale associated with nanopores can span from few minutes to few
hours. During lengthy experiments, nanopore characteristics are assumed to stay appreciably
constant. Such characteristics include open-pore stability and, noise features. To investigate the
validity of these assumptions, of the electrolytes explored thus far, we chose to further examine
with the two commonly used electrolytes in nanopore technology: LiCl and KCl. The open-pore
current was measured continuously for 2 hrs at +50 mV (0.5 M electrolyte concentration buffered
at pH~7). The PSD analysis was done every 10 minutes and the 𝑆1/𝑓,1𝐻𝑧 was then plotted as a
function of time as seen in Figure 3.3d. We did not see an appreciable change in the 𝑆1/𝑓,1𝐻𝑧 with
time for LiCl whereas KCl showed some variability with time. This further strengthens the notion
of better performance associated with LiCl over KCl and its suitability for lengthy experiments
while preserving pore properties. One of the promising qualities offered by CT-CDB nanopores is
exceptional open-pore temporal stability. In our previous work, we were able to perform
experiments with DNA in 4 M LiCl buffered at pH 6 as well as pH 7 for an excess of 8 hours while
collecting > 2×105 events at both the pHs. 32. We investigated the open pore stability of CT-CDB
by applying +50 mV for at least 2 hours (in buffered electrolyte at pH ~7). The open-pore current
was also calculated every 10 minutes using the mean current of a 2-second trace for both
electrolytes as shown in Figure 3.3e. We only observed a mere increase of ~1.6 nS (LiCl) and
~2.1 nS (KCl) in baseline current (over 2 hours). Extended current traces (i.e., 1800-seconds) for
both electrolytes are shown in Figure S3.4.
Noise Characteristics with Applied Voltage and Electrolyte Concentration
To quantitatively understand the noise characteristics with electrolyte concentration and
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applied voltage at pH ~7 where 𝜎 → 0, one has to look closely at Eq. 3.6 and the definitions
associated with 𝑁𝑥 corresponding to cylindrical, surface, and access resistances. Through the
equations provided by Fragasso et. al.

24

(see SI Section 1), it is clear that 𝑁𝑥 is proportional to

the electrolyte concentration, pore diameter, and pore length. Eq. 6 can be rearranged as,
𝑆𝑓,𝜎→0 =

𝐾2 ∙𝑉 2
𝑓∙𝐶

𝐵′

Eq. 3.7

where B′ is the geometric constant (see SI Section 1 for more details) and 𝐶 is the ionic
concentration. Since, as shown in Figure 3.3e, CT-CDB pores in LiCl do not grow appreciably
over 2 hours, our assumption of constant pore diameter would hold (essential for the derivation of
Eq. 3.7 from Eq. 3.6 as shown in SI Section 1). We first investigated the impact that the applied
voltage has on the 1/𝑓 noise characteristics by ramping it up from +25 mV to +200 mV in +25 mV
increments using CT-CDB nanopores submerged in 0.5 M LiCl and 4 M LiCl (Figures 3.4a and
3.4b)—the two extreme concentrations used in this study. Although it is possible to go to lower
concentrations, nanopore experiments are generally done in this concentration range

47-48

. The

𝑆1/𝑓,1𝐻𝑧 with applied voltage was then fitted using Eq. 3.7 as seen in Figure 3.4b. The 𝛼𝑏 for each
electrolyte concentration was found to be ~27.6×10-6 (4M LiCl) and ~3.3×10-6 (0.5 M LiCl). The
𝛼𝑏 for 0.5 M LiCl is within error from that obtained from Figure 3.1b where experiments were
conducted using 0.5 M LiCl at +50 mV. Although our results indicate 𝛼𝑏 up to +200 mV to be less
dependent on the applied voltage, there is no guarantee that it would be the same beyond this
voltage. The voltage experiments were capped at +200 mV as this is the upper voltage limit of the
front switch setting of the Axopatch 200B. For voltages >200 mV, the rear switch setting would
have to be used which inherently has higher noise than the front switch setting. The 𝛼𝑏 of 4 M
LiCl, on the other hand, is ~8× greater than that of 0.5 M LiCl. These results indicate that the bulk
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contribution to the 1/𝑓 noise increases with increasing electrolyte concentration. To further assess
the effect of electrolyte concentration on 1/𝑓 noise, PSD was collected for 0.5 M-4 M LiCl as
shown in Figures 3.4c. The 1/𝑓 noise at each concentration was multiplied by its concentration

Figure 3.4: (a) The power spectral density (PSD) curves and (b) 𝑆1/𝑓,1𝐻𝑧 corresponding to
0.5 M LiCl (top) and 4 M LiCl (bottom) with applied voltage (+25 mV to +200 mV, in 25 mV
increments) using a ~11.2 nm diameter pore. Only +25 mV, +50 mV, +100 mV, +150 mV and
+200 mV are shown in (a) for clarity. (c) PSD curves and (d) 𝑆1/𝑓,1𝐻𝑧 (noise at 1 Hz) versus
electrolyte concentration corresponding to 0.5 M, 1 M, 1.5 M, 2 M, 2.5 M, 3 M and 4 M LiCl
at +50 mV of applied voltage using a ~12 nm diameter pore. Only 0.5 M, 1 M, 2 M, 3 M and
4 M LiCl are shown in (c) for clarity. The fits in solid red in (b) and (d) are from Eq. 3.7. The
fit in dashed red in (d) is by replacing 𝐾 2 of Eq. 3.7 with 𝐾 𝑒𝑓𝑓 (see manuscript for more details).
All experiments were conducted with buffered electrolytes (pH~7), 10 kHz low-pass filtering
and 250 kHz sampling frequency.
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and presented as a function of the electrolyte conductivity in Figure 3.4d for ease of fitting with
Eq. 3.7 (solid-red). Figure S3.5 presents the 1/𝑓 noise with electrolyte concentration with a linear
fit only as a guide to the eye. The raw data, however, does not fall well along the fit in Figure 3.4d
using Eq. 3.7, which is also apparent by the regression coefficient (R2) of the fit (~0.929). When
we replaced the 𝐾 2 term of Eq. 7 with 𝐾 𝑒𝑓𝑓 (analogous to effective conductivity), the R2 increased
to ~0.996, indicated by the dashed-red fit line in Figure 3.4b. However, the reasoning behind this
behavior is not clear yet. Using two unique nanopores (~11.6±0.6 nm), the exponent 𝑒𝑓𝑓 was
found to be 4.3±0.5.
Noise Characteristics with Pore Diameter
Lastly, we investigated the effect of pore diameter on the 1/𝑓 noise characteristics of CTCDB nanopores using 0.5 M and 4 M LiCl. As seen in Figure 3.5c, the 𝑆1/𝑓,1𝐻𝑧 increases with
increasing diameter for both electrolyte concentrations. This observation contradicts both what has
been observed previously for SSNs

20, 24

and equations 3.5, 3.6 and S3.11. The conventionally

observed decrease in 1/𝑓 noise with increasing pore diameter could be largely due to weakening
of the surface effects. However, one must be mindful of the limitations associated with each
fabrication method. For example, TEM is capable of fabricating pores in a wide range of diameters
(few nanometers to >100 nm in diameter). In contrast, the operational range of CDB is mostly
limited to <40 nm, while laser-assisted CDB could reach diameters around ~50 nm 49. Studies with
larger diameter pores (in the ~40 nm range) are seldom reported 48, 50 and are mostly done in the
<30 nm diameter range 3, 51. To produce larger diameter pores through CDB, a larger voltage must
be applied. This could also lead to the formation of multiple pores. Additionally, higher Joule
energy will also be released during the breakdown, which could negatively impact the noise
properties of CDB-based nanopores. CT-CDB is not immune to these effects either. Eq. 3.5 and
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its derivatives do not capture such effects during pore fabrication using CDB. We humbly note
that we were not able to develop an equation to model the behavior of 𝑆1/𝑓,1𝐻𝑧 with pore diameter
and thus present results on a very qualitative note. From Figure 3.5c, it is clear that 𝑆1/𝑓,1𝐻𝑧
associated with 4 M LiCl is higher than that in 0.5 M LiCl. The slopes suggest that 𝑆1/𝑓,1𝐻𝑧 noise
deteriorates ~1 order magnitude faster in 4 M LiCl with increasing pore diameter compared to
0.5 M LiCl.

Figure 3.5: (a) The power spectral density (PSD) curves with pore diameter in 0.5 M LiCl, (b)
PSD curves with pore dimeter in 4 M LiCl, (c) 𝑆1/𝑓,1𝐻𝑧 (noise at 1 Hz) versus pore diameter
corresponding to 0.5 M LiCl (solid circles) and 4 M LiCl (solid squares). All experiments were
conducted at +50 mV of applied voltage.
3.5 Conclusions
The low-frequency noise characteristics of nanopores fabricated through the CT-CDB process are
investigated in this work as a function of solution pH, electrolyte type, electrolyte concentration,
applied voltage, pore diameter and pH. The low-frequency regime is dominated by 1/𝑓 and white
noise. The 1/𝑓 region captures surface-chemical dependence of the noise and therefore is a
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suitable metric to gauge the noise performance of a device under different electrolyte chemistries.
CT-CDB nanopores, unlike their CDB and TEM counterparts, exhibit a pH range where the
conductance is relatively constant followed by an increase in the conductance with pH resembling
a nanopore wall surface composed of acidic surface head group type. The 1/𝑓 noise was
characterized using Eq. 5. The 1/𝑓 noise up to pH ~8 be thought to be largely independent of
surface contributions. The Hooge’s parameters corresponding to the bulk and surface contributions
(𝛼𝑏 and 𝛼𝑠 , respectively) were found to be ~6.2×10-6±4.4×10-6 and, ~13.3±3.0 respectively by
fitting the data corresponding to 𝑆1/𝑓,1𝐻𝑧 (1 Hz noise of 1/𝑓 noise component) with pH using Eq.
5. The 𝛼𝑠 is ~3 orders of magnitude larger than the previously reported values in the literature for
TEM-based nanopore whereas 𝛼𝑏 was comparable. From the same fit, the 𝑝𝐾 of the surface was
found to be ~9.8±0.2, which is comparable with the previously reported value. To strike a balance
between 1/𝑓 noise and sensing experiments, DNA translocations were tested in the pH 5-9 range
in single pH increment steps. The event rate was found to be meagre (<1 events/s) for pH 5,
whereas higher pH values produced event rates that were at least 9.5× greater than that at pH 6.
Although noise is low at pH 5 and 6, it is not suitable for DNA sensing experiments with CT-CDB
pores. The event rate increased up to pH 8 and dropped at pH ~9. This was thought to be due to
the EOF opposing the EPF responsible for the transit of DNA across the pore. The 1/𝑓 noise
characteristics were investigated with LiCl, NaCl, KCl, RbCl and, CsCl (0.5 M concentration at
pH ~7) and the current normalized noise indicated LiCl to have ~1 order of magnitude less noise
compared to the rest. Interestingly, the noise did not fluctuate appreciably from NaCl to CsCl,
which contradicts previous observations. This could be due to surface chemistry that is sensitive
to LiCl and less sensitive to other cations used herein. As expected from Eq. S11, the 1/𝑓 noise
increased with increasing electrolyte concentration and applied voltage. In contrast to TEM-based
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SSNs, the 𝑆1/𝑓,1𝐻𝑧 of CT-CDB nanopores increased with increasing pore diameter. We have
observed through our use of CDB nanopores that the pore quality decreases with increasing
diameter, which could be due to the release of Joule heat during the breakdown process. However,
the reasons behind this phenomenon are not entirely clear and a new model is needed to explain
these observations as Eq. 5 (or its derivatives) are unable to map these observations.
Supporting Information
The supporting information describes the theoretical framework of low-frequency noise
estimation, fitting of power spectral density, modeling of DNA translocation through a nanopore
and electrolyte concentration effect.
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Section 1: Theoretical Framework for Low-Frequency Noise
1

𝑅𝑐𝑦𝑙 = (
𝐾

𝜋𝑑2
𝑝𝑜𝑟𝑒

)

Eq. S3.1

4𝐿
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𝜋𝑑𝑝𝑜𝑟𝑒

)

Eq. S3.2
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Eq. S3.3
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Eq. S3.4

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑝𝑜𝑟𝑒 +𝑅𝑎𝑐𝑐𝑒𝑠𝑠

Eq. S3.5

𝑁𝑐𝑦𝑙 = 𝜋 ∙ 𝐶 ∙ 𝑁𝐴 ∙ 𝐿

2
𝑑𝑝𝑜𝑟𝑒

Eq. S3.6

4

where 𝐶, 𝑁𝐴 , 𝐿, and 𝑑𝑝𝑜𝑟𝑒 are ionic concentration, Avogadro’s number, pore length and pore
diameter, respectively.
𝑁𝑎𝑐𝑐𝑒𝑠𝑠 = 𝜋 ∙ 𝐶 ∙ 𝑁𝐴
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝜋 ∙ 𝜎 ∙ 𝐿

3
𝑑𝑝𝑜𝑟𝑒

Eq. S3.7

6
𝑑𝑝𝑜𝑟𝑒

Eq. S3.8

𝑒

where L is the pore length.
2

When 𝜎 → 0, 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ⟶ ∞ and 𝑅𝑝𝑜𝑟𝑒 and 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 reduce to 𝑅𝑐𝑦𝑙 and 𝐾∙𝛼∙𝑑

𝑝𝑜𝑟𝑒

respectively.

Thus, Eq. 3.4 reduces to
𝑆𝑓,𝜎→0 =

𝑉2
4
𝑓𝑅𝑡𝑜𝑡𝑎𝑙

[

2
𝛼𝑏 𝑅𝑎𝑐𝑐𝑒𝑠𝑠

𝑁𝑎𝑐𝑐𝑒𝑠𝑠

+

4
𝛼𝑏 𝑅𝑝𝑜𝑟𝑒
2 𝑁
𝑅𝑐𝑦𝑙
𝑐𝑦𝑙

]

Eq. S3.9

𝑅𝑡𝑜𝑡𝑎𝑙 of the Eq. S9 is the linear addition of 𝑅𝑐𝑦𝑙 and 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 . Therefore,
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Eq. S3.10

Substituting the definitions of 𝑅𝑐𝑦𝑙 , 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 , 𝑁𝑎𝑐𝑐𝑒𝑠𝑠 and 𝑁𝑐𝑦𝑙 to Eq. S3.10
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Eq. S3.11
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Since 𝑑𝑝𝑜𝑟𝑒 , L, 𝑁𝐴 , and 𝛼𝑏 are constant for a given nanopore,
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Therefore, Eq. S11 can be written as
𝑆𝑓,𝜎→0 =

𝐾2 ∙𝑉 2
𝑓∙𝐶

𝐵′

Eq. S3.12

Section 2: Fitting of Power Spectral Density (PSD)
The PSD spectra were truncated to show low-frequency noise components (i.e., 1/𝑓 and 𝑓 0
types). The data were then fitted using Eq. 3.4 with 𝑆𝑤 and 𝐴 as free parameters using the
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automatic mode of the inbuilt non-linear-model-function of Mathematica 11.0.1.0. The fit lines
corresponding 𝑆𝑤 (green), 𝐴/𝑓 (magenta) and the total fit line (blue) are shown in Figure S3.1.
From the fit line corresponding to 𝐴/𝑓, the noise at 1 Hz was extracted (i.e., 𝑆𝑙𝑜𝑤,𝑓=1 𝐻𝑧 ).

Figure S3.1: The power spectral density (PSD) curves (of Figure 3.1a) and fit-lines
corresponding to Eq. 3.4 (blue), 𝑆𝑤 (green) and 𝐴/𝑓(magenta) components at pH ~2 (black),
pH ~4 (red), pH ~6 (blue), pH ~8 (green), pH ~10 (blue) and pH ~12 (yellow).
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Figure S3.2: White noise (𝑆𝑤 ) with pH for a ~11.1 nm diameter nanopore. The experiment was
done in 0.5 M LiCl, +50 mV applied voltage, 10 kHz low-pass filtering and 250 kHz sampling
rate.
Section 3: Modeling of DNA Translocation Data
Histograms corresponding to the change in conductance due to DNA translocation (ΔG) were
made using the inbuilt Histogram function of Mathematica with a custom bin width of 0.1 nS.
The histograms were then fitted with a Gaussian function in the form,
𝐴𝑖 exp(−(𝛥𝐺 − 𝜇𝑖 )2 /𝜎𝑖2 )

Eq. S3.13

where 𝐴𝑖 , 𝜇𝑖 and, 𝜎𝑖 are the amplitude, the mean and standard deviation of the ith population
respectively. The fitting was done using the inbuilt non-linear-model-function of Mathematica in
automatic mode. The ΔG can be modelled using 1,
−1

Δ𝐺𝑑𝑠𝐷𝑁𝐴 = 𝐺 − 𝐾 (𝜋𝑟2

1

with DNA +𝜇|𝜎|∙2𝜋𝑟0 + 𝜇 ∙𝑞𝜆-DNA
𝐿
𝐾
𝐿
𝐾
𝐿

+

2
𝛼∙2𝑟with DNA +𝛽

)

𝜇|𝜎|
𝐾

Eq. S3.14

2
where 𝐺 and 𝐾 are open-pore conductance and solution conductivity, 𝑟with DNA = √𝑟02 − 𝑟dsDNA

where 𝑟0 and 𝑟𝑑𝑠𝐷𝑁𝐴 are pore-diameter and radius of DNA and 𝑞𝜆-DNA the effective linear charge
density of DNA. The 𝑞𝜆-DNA value was assumed to be -0.96 nC/m 2. The corresponding histograms
are shown in Figure S3.3. It is clear that there are 3 populations, with the lowest corresponding to
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collisions with the pore entrance, the second corresponding to linear translocations and the third
to folded-over translocations. The ratio of the third to second populations was ~2 (~1.95±0.06,
1.89±0.02 and 2.05±0.01 at pH ~7, ~8 and ~9, respectively), which is characteristic of DNA
translocations.

Figure S3.3: (top row) Scatter plots of ΔG with the log of translocation time (t) and (bottom row)
histogram corresponding to ΔG in (a) pH ~7, (b) pH~8 and (c) pH~9. All experiments were done
using ~10.5±0.4 nm diameter pores in 4 M LiCl, +200 mV applied voltage, 100 kHz low pass
filtering and 250 kHz sampling rate
Section4: Extended Current Traces
A single spike can be seen in the current trace corresponding 0.5 M LiCl (Figure S3.4, top trace).
The Teflon cell in which the nanopore chip was mounted was cleaned thoroughly to be free of any
contaminations. Considering the time scale that the trace represents (1800 seconds), the spike
could be neglected. The origin of the spike is unclear but considering the sensing resolution of
nanopores, it is not uncommon to see a few spikes in longer open-pore runs even in the cleanest
of nanopores. Such could be used to define the signal-to-noise ratio of the measurement where the
resistive pulses from the biomolecule should be present at an overwhelming level compared to
such spikes 3.
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Figure S3.4: ~30-minute current trace at +50 mV and 10 kHz low-pass filtering corresponding
to (top, black) 0.5 M LiCl and (bottom, blue) 0.5 M KCl buffered at pH ~7.
Section5: Electrolyte Concentration Effect

Figure S3.5: 𝑆1/𝑓,1𝐻𝑧 (noise at 1 Hz) vs. electrolyte concentration corresponding to 0.5 M, 1 M,
1.5 M, 2 M, 2.5 M, 3 M and 4 M LiCl at +50 mV of applied voltage using a ~12 nm diameter
pore. The solid line is a linear fit (only as a guide to the eye).
Since Eq. 7 did not yield a good fit to 𝑆1/𝑓,1𝐻𝑧 data as a function of LiCl concentration, the
conductivity term was modified with a coefficient as seen below,
𝑆𝑓,𝜎→0 =

𝐾𝑒𝑓𝑓 ∙𝑉 2
𝑓∙𝐶

𝐵′

Eq. S3.15
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4.1 Abstract
In this study, we investigated the voltage and pH responsiveness of human serum
transferrin (hSTf) protein using silicon nitride (SixNy) nanopores. The Fe(III)-rich holo form of
hSTf was dominant when pH>pI while the Fe(III)-free apo form was dominant when pH<pI. The
translocations of hSTf were purely in an electrophoretic sense, thus depended on its pI and the
solution pH. With increasing voltage, voltage driven protein unfolding became prominent which
was indicated by the trends associated with change in conductance, due to hSTf translocation, and
in the excluded electrolyte volume. Additionally, analysis of the translocation events of the pure
apo form of hSTf showed a clear difference in the event population compared to that of the holo
form. The results obtained demonstrate the successful application of nanopore devices to
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distinguish between the holo and apo forms of hSTf in a mixture, and to analyze its folding and
unfolding phenomenon over a range of pH and applied voltages.
KEYWORDS:

human serum transferrin, nanopore, controlled dielectric breakdown,

electrophoresis, protein conformation, excluded volume
4.2 Introduction
A nanopore - a nanoscale aperture with dimensions <100 nm in all directions - is a labelfree single molecule sensor, typically with a low-cost architecture and overhead that can capture
molecular level details. It has featured in a myriad of biomolecule profiling, spanning, but not
limited to, genomics,1-4 proteomics,5-9 glycomics,10-11 virology,12-13 and lipidomics.14-15 The
operating principle of a nanopore - transient resistive pulses in the ionic current trace—depends
on the size and charge of the molecule and the nanopore,16 among a host of other factors such as
electrolyte concentration,16-17 pH,18 applied voltage bias,19 and temperature.20 Here we present a
nanopore-based characterization of human serum transferrin protein (hSTf) where we optimized
pore-size, electrolyte concentration, pH, and the applied voltage. Protein profiling has proliferated
with the advent of nanopores due to its ability to provide molecular-level insight into proteinreceptor interactions,21-22 unfolding-folding dynamics,23-24 among others.10,

25

Silicon nitride

(SixNy) nanopores are widely used for protein profiling.5-7, 26-27 The size tunability allows solidstate nanopores to profile both folded and unfolded states of a protein, unlike biological
nanopores.23 Modifications such as lipid bilayer coating have been used to eliminate undesirable
effects such as nonspecific protein binding to the nanopore.6 Glass nanopores are also emerging
as an alternative to SixNy nanopores due to ease of manufacturing and the ability to fabricate
apertures from micron to nano scale.28 The requirement for exotic nanopore engineering or
material would depend on the analyte as well. For example, DNA sticking to SixNy nanopores is
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very common and become exceedingly problematic with smaller diameter pores. Larger diameter
pores, on the other hand, would clog less yet, allow multiple analyte conformations to translocate.
Since volume exclusion is an important aspect of protein translocation studies as it provides
molecular-level details of the folding-unfolding phenomenon, optimizing nanopore diameter to
strike a balance between analyte clogging and volume exclusion is crucial.
Unlike DNA, proteins do not have a uniform charge along its length which complicates
nanopore-based profiling efforts. The use of denaturants (chemical9,

23, 29

or thermal9) or

tethering,30-31 for linear translocation (especially for sequencing) of the proteins through unfolding
resulting from disruption of the bonds (i.e. hydrogen, disulfide bonds) that holds the protein

Figure 4.1: (a) Typical setup used for nanopore experiments in buffered (10 mM HEPES) 2 M
KCl with low pass filtering at 10 kHz and data acquisition at 200 kHz. The hSTf (250 nM)
protein molecules are driven across a ~20nm diameter nanopore by an applied transmembrane
potential. The voltage bias (100-800 mV) is applied to the trans chamber, and the analyte is
added to the cis chamber. (b) Representative 2-second current traces, from top to bottom, for
pH 10, pH 8, pH 6, pH 4 and pH 2 at +800 mV applied voltage. All traces were obtained using
the same ~20 nm diameter pore. (c) UV-Visible spectra of a ~25 μM hSTf solution at pH 10
(green), pH 8 (black), pH 6 (red), pH 4 (blue) and pH 2 (brown).
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structure folded are common tactics to facilitate the translocation process. Such unfolding is
especially required for biological nanopores such as α-hemolysin which has a narrow constriction
for analyte passage and consequently does not permit folded proteins structures to transit.
However, the use of protein as it is (like in the work we have presented here) is feasible with SSN.7,
10, 32

For the capture of protein, diffusion from the bulk to the electric field near the pore and the

net charge of the protein with respect to the applied voltage is crucial. During the translocation,
there are two possible scenarios; i) protein is completely confined within the nanopore or, ii)
protein spans the length of the pore. With the former, which is applicable in our work, the net
charge of the protein molecule would govern the translocation characteristics whereas, with the
latter, the net charge of each amino acid segment present inside the pore at a given time is
important. If the net positive and negative charges are equal of a given amino acid segment at a
given time (zero net charge), the molecule can transiently stall.29 However, the molecule can
escape such traps through thermal fluctuations.33 Therefore, inhomogeneously charged molecules
such as proteins with net zero charged regions can be thermally activated to facilitate the
translocation process.
In this study, we used SixNy nanopores to profile hSTf which is a blood plasma
glycoprotein with an average molecular weight of ~80 kDa34 and 678 amino acid residues(the
reference herein contain the amino acid sequence of hSTf).35 Its primary function is to act as a
carrier for the delivery of otherwise insoluble iron to cells via receptor-mediated endocytosis. The
hSTf has two nearly homologous lobes: N-lobe and the C-lobe. Each lobe is further divided into
two subdomains (NI/NII and CI/CII) which come together to form a cleft (iron binding site) within
each lobe. At the physiological pH, hSTf binds to Fe(III) with a high affinity constant,1020 M-1
(holo-transferrin), through these two binding sites.34 At the lower endosomal pH, protonation of
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the synergistic carbonate anion and the iron binding residues loosens the cleft, thereby facilitating
iron release (apo-transferrin). It has been shown that the solution ionic strength leads to
conformational changes in the iron binding clefts of holo-hSTf.36-37 In the case of salts containing
Cl-, the anion interacts strongly with the N lobe through binding of Cl- to residues in the iron
binding clefts thus facilitating the release of iron in the presence of suitable chelator by maintaining
an open lobe structure. However, even in open lobe positions, spontaneous dissociation of iron is
not possible without the presence of a chelator or change in pH.37 Voltage application, as
demonstrated later, can lead to the non-equilibrium unfolding of protein - analogous to entropically
driven DNA threading. The hSTf protein is very critical for iron homeostasis in humans.38-39
Additionally, it can also be exploited to produce a range of potential therapeutic applications such
as targeted drug delivery, cancer therapy, and radiotherapy.40 Thus, investigating structural
properties of hSTf and interaction dynamics of hSTf-Fe(III) complex is of clinical relevance.
We studied the state of the protein hSTf under non-equilibrium conditions to explain the
folding-unfolding phenomenon in a single molecule sensing environment. The protein
translocation with the electrokinetic phenomenon was first investigated to establish the optimal
sensing conditions for the proposed study. Compared to conventionally used 1 M KCl, 2 M KCl
produced substantially recognizable resistive pulses from the baseline at a higher frequency
(Figure 4.1(b)). This is evident from Figure S4.2 where both event magnitude and the event
frequency drop with decreasing electrolyte concentration. Voltage-dependent protein unfolding
was then analyzed across a range of applied voltages (50-800 mV) for a reasonable pH range (210). This pH range spans more than two pH values to either side of the isoelectric point (pI) of the
protein (on a pH scale) such that equilibrium of the protein can be shifted completely to favor one
side of the equilibrium through pH control, thus permitting both equilibrium and non-equilibrium
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observations. The voltage can alter the native 3D structure of proteins through breaking bonds
(analogous to chemical or physical denaturing) crucial for maintaining the folded nature, causing
them to translocate as looped, globular, partially unfolded or completely unfolded chain
structures.33 Each of these conformations will have different ohmic signatures since their excluded
electrolyte volume and molecular lengths are different from one another. The degree to which this
disruption of the 3D structure occur depends on the applied voltage and pH. Thus, unlike nanoporebased polynucleotide experiments, a great degree of both physical and chemical variability of a
translocating protein can be observed. Additionally, since proteins are not uniformly charged like
polynucleotides, bend insertions will only happen at particular locations (a selective process) of
the protein and as mentioned earlier, transient stalling and thermally activated release could happen
as well. The solid-state nanopores we are using are large enough to entertain all these
conformations. Thus, such variability associated with protein translocations will be reflected in the
current traces as evident in Figure 4.1(b).
Molecular volume calculations through transiently excluded electrolyte volume were
performed for qualitative deduction of protein folding-unfolding under the experimental
conditions to establish a relationship between the folding phenomenon and the applied voltage and
pH. The holo form was also compared with a pure apo at pH 8 where we saw significant
differences in the event distribution in an event duration vs change in conductance plot. The
classical ensemble measurements cannot be used to reveal the intermediate states or subpopulations the nanopore sensor detects. Even other single-molecule methods, such as
fluorescence resonance energy transfer (FRET), atomic force microscopy (AFM) based force
spectroscopy, optical tweezers, and fluorescence correlation spectroscopy (FCS), do not permit
complete separation of all conformation subpopulations.41 Additional limitations of these methods
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include the requirements for labeling, immobilization, and complicated instrumentation.10
Nanopore sensing technology does not suffer from these drawbacks and was found to be an
effective method for single molecule analysis of the hSTf protein.
4.3 Results and discussion
Nanopore set-up and experimental conditions: Nanopores were fabricated through nominally
~30 nm thick free-standing SixNy membranes (NX5025X, Norcada, Canada) following the
controlled dielectric breakdown (CDB) method demonstrated by Kwok et al.42 The membrane chip
was first mounted between two PTFE flow half-cells and Ag/AgCl electrodes were placed in both
the chambers for voltage application. The protein translocation across the fabricated nanopore was
observed under applied voltage as shown in Figure 4.1(a). An Axopatch 200B amplifier coupled
to a 1440A Digitizer was used to record electrical signals (see Methods section for details). In all
the experiments, ~20 nm diameter pores were used because repeated runs showed very stable open
pore currents, ease of fabrication and most importantly, very minimal pore clogging. Other pore
diameters were also investigated for comparison (see Figures S4.4 and S4.5 in Supporting
Information). Baseline current profiles were obtained by applying ±800, ±600, ±400, ±200, ±100,
and ±50mV to the trans side (buffered 2 M KCl) across the desired pH range. All baseline profiles
were free of events (resistive pulses). Afterward, holo-hSTf was injected to the cis side of the
membrane (final concentration of ~250 nM) and same voltages used for baseline profiling were
applied at a given pH. The current noise in solid-state nanopores constitutes 1/f type noise among
others with the former related to fluctuations in charge carriers and increases with the accelerated
motion of charge carriers.32, 43 This leads to a local ion aggregation in the nanopore resulting in the
increase of 1/f type noise. Thus, as the voltage is increased, it is not surprising to see an increase
in the current noise. This is evident from the profiles shown in supplementary Figure S4.1 where
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the fluctuation in the current baseline is highest at 800 mV and become lesser as the voltage
decrease. We observed events in a purely electrophoretic sense (Figure 4.1(b) & Table 4.1) except
at pH 4 where events were observed for both voltage polarities. Such voltage independent
translocation behavior has been observed previously by Firnkes et al.7 for avidin in SixNy
nanopores at pH 4 and was attributed to diffusion (dominant contributor) of the protein through
the nanopore. Statistically significant event pool (>1000 events) within a reasonable timeframe
was only collectible for pH 4, 6 and 8. Therefore, for further discussion, unless otherwise noted,
we limit the discussion to this range of pH values.
Size and charge measurements of hSTf: The state of hSTf (T0665, Sigma Aldrich) can be
described by the following dynamic equilibrium,34
3𝐻 + + (ℎ𝑜𝑙𝑜 − ℎ𝑆𝑇𝑓) ⇌ (𝑎𝑝𝑜 − ℎ𝑆𝑇𝑓) + 𝐹𝑒 3+

(4.1)

and has a reported pI of ~5.2-5.6. When pH>pI, hSTf is expected to be dominantly in its Fe(III)bound state (holo-hSTf, folded) and when pH<pI, it is expected to be in its Fe(III)-free state (apohSTf, unfolded). One must note that Equation 2.1 is a simplistic representation of hSTf equilibrium
Table 4.1 : Zeta potential (𝜁𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ), effective diameter estimated by dynamic light scattering
(𝐷𝑝𝑟𝑜𝑡𝑖𝑒𝑛 ) and the event frequency at 800 mV (𝑒𝑓800𝑚𝑉 ) and -800 mV (𝑒𝑓−800𝑚𝑉 ) of holohSTf for each corresponding pH shown in first row (average ± standard deviation). All
translocation data were obtained from a single ~20 nm diameter pore. Other than 𝜁𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (8
trials), the rest is from 3 trials.
pH 2
pH 4
pH 6
pH 8
pH 10
𝜁𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑉)

12.6±1.0

9.2±0.5

-4.9±0.7

-7.7±0.5

-10.3±0.5

𝐷𝑝𝑟𝑜𝑡𝑖𝑒𝑛 (𝑛𝑚)

10.9±0.2

9.3±0.1

7.9±0.4

7.2±0.8

8.3±0.5

𝑒𝑓800𝑚𝑉 (𝑠 −1 )

0

~2

~24

~36

negligible

𝑒𝑓−800𝑚𝑉 (𝑠 −1 )

negligible

~0.12

0

0

0
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which does not take salt-dependent conformational changes of hSTf at a given pH into account
unlike the work of Williams et al.36 The UV-visible spectrum in Figure 4.1(c) shows the presence
of Fe(III)-hSTf complex at pH 6, 8, 10 with a peak at around ~460 nm.44 This peak is absent at pH
2 and 4, suggesting that hSTf is in its Fe (III) free, apo state. This is not surprising because the
release of Fe(III) from holo-hSTf is complete at pH 4.45 The zeta potential measurements suggest
the holo form to be negatively charged and the apo form to be positively charged (Table 4.1).
Detection of conformational changes in hSTf molecules based on change in conductance and
excluded volume analysis: Figures 4.2 shows the histograms corresponding to change in
conductance (𝛥𝐺) because of hSTf translocating through a ~20 nm diameter nanopore for each
pH (4,6 and 10) from +100 to +800 mV of applied voltage. It is interesting to note that with
decreasing applied voltage, 𝛥𝐺 increases. The 𝛥𝐺 is dependent on the size and the charge of the
translocating molecule with 𝛥𝐺 typically increasing with analyte size. The charge of the molecule,
on the other hand, could lead to an increase or decrease of 𝛥𝐺, depending on the net-charge balance
after the displacement of the electrolyte, governed by both the electrolyte concentration, and the
surface charge density of the analyte.16 In the case of proteins, 𝛥𝐺 could shed insight into protein
folding and unfolding as well. The applied electric field strength (E) is ~2.6×105 V/cm and
~1.6×104 V/cm at 800 mV (highest voltage) and 50 mV (lowest voltage) respectively. The work
of Talaga et al. suggests that this is at least two orders of magnitude greater than that in a regular
electrophoresis experiment and sufficient to disrupt the folded protein conformation.29 Therefore,
we can expect some degree of unfolding as the protein translocates through the pore with unfolding
becoming prominent with increasing voltage. Thus, at lower voltages, one can expect the voltage
induced protein unfolding to be minimal. Therefore, the protein is expected to be in its folded state.
The molecular volume of folded proteins in aqueous solutions also includes the volume of the
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Figure 4.2: Scatter plots corresponding to log of event duration vs change in conductance
(𝛥𝐺(𝑛𝑆)) caused by hSTf translocating at (a) pH 8, (b) pH 6, and (c) pH 4 under applied
voltages of 800 mV (blue trace), 600 mV (magenta trace), 400 mV (green trace), 200 mV (gray
trace), and 100 mV (orange trace) through the same ~20nm diameter pore. The corresponding
probability density function histograms (see Supporting Information section 4 for more details)
shown after the break in the x-axis are for a comparison view the histograms and shown below
each scatter plot for clarity. The dashed and solid black lines correspond to individual and
cumulative Gaussian fits respectively. The histogram counts of (a) is multiplied by 2 for clarity.
The vertical dashed blue lines each column corresponds to the full width half max positions of
the higher 𝛥𝐺 distribution at 100 mV for each pH.
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internal voids due to imperfect packing.46 These voids contribute to the higher molecular volume
of the folded state compared to the unfolded state. Therefore, it is not surprising to see the folded
protein to have a large size conformation compared to its unfolded counterpart as seen in Figure
4.2. On the other hand, when the molecule is stretched, which is the case with increasing voltages,
the internal voids become less (or absent). Thus, 𝛥𝐺 as expected and seen, would decrease with
increasing voltage. The hydrodynamic diameter (Dprotein) of hSTf, as shown in Table 4.1, is highest
when the pH<pI of the protein. At such pH values, the hSTf is expected to be in its Fe(III)-free,
apo state. This size-pH relationship contradicts the results of Figures 4.2 where the folded protein
state has shown to have a larger size conformation. The hydrodynamic diameter corresponds to a
size adopted by a tumbling molecule and therefore, for unfolded protein states it is not surprising
to see a larger Dprotein compared to a folded state of a protein. This is another instance where single
molecule sensing ability of the nanopores triumph over average ensemble methods.
The two peak 𝛥𝐺 distribution is observed commonly with DNA experiments with peaks
correlating information about the conformation of DNA translocating through the nanopore.2
However, unlike DNA, we did not observe the ~2× factor peak separation with hSTf.47 The
absence of the ~2× factor peak separation eliminates the possibility of two hSTf molecules
translocating at the same time through the nanopore. Even a naturally unfolded protein can be
further unfolded, absent shearing, by the high electric field density within the nanopore. This is
possible if the forces (electrophoretic, drag forces, etc) imparted on the molecule are greater than
the intra-molecular forces of the protein. Therefore, other than the natural folded-unfolded
equilibrium fractions, there could be non-equilibrium, voltage induced unfolded and pseudofolded states of a protein. We coin the term pseudo-folded because the protein could be naturally
unfolded under the solution conditions but comparatively folded than its counterpart at a higher
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voltage. Therefore, it would not be surprising to see a two-peak distribution in each 𝛥𝐺 profile
even at naturally unfolded pH values. The hypothesis for the two-peak distribution and its
assignment is further strengthened by the increase in the relative contribution from the peak at
higher 𝛥𝐺 ((pseudo-)folded state) compared to the peak at lower 𝛥𝐺 (unfolded state) as the voltage
is decreased because voltage driven protein unfolding become less prominent with decreasing
voltage. An exception to this behavior is seen with pH 4 at 600 mV (Figure 4.2), where the opposite
behavior is seen with the fitted (dashed) populations. However, visual inspection of the distribution
(probability density function histogram) of the raw data still shows that the higher count peak
(~1.6 nS) is at a lower 𝛥𝐺 than the lower count peak (~2.5 nS). We defined the fraction of area
within the full width at half maximum (FWHM) of the higher 𝛥𝐺 distribution at 100 mV to
represent the (pseudo-)folded state of hSTf (𝑓𝑓𝑜𝑙𝑑𝑒𝑑 ) (Figure 4.2). Using this definition, we then
calculated the unfolded fraction (𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 ) for each applied voltage and pH (see Supporting
Information section 4 for more details). As expected, 𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 increased with increasing voltage
(see Figure S4.3 in Supporting Information). The plateauing voltage - voltage at which
𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 → 1 - interestingly, have a conformation dependency. At pH 6, the chelation is not as
strong as at pH 8. Therefore, it is not surprising to see hSTf unfolding (higher 𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 ) more at
a given voltage than at pH 8. At pH 4, hSTf is at its natively unfolded state. Therefore, applied
voltage could merely stretch the protein which is a more energetic process than the true unfolding
of the protein. Therefore, 𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 at a given voltage is lower than the other two pH values.
To investigate the protein folding-unfolding phenomenon further, we calculated the
transiently excluded volume of electrolyte (𝛬) using,6
𝛾·𝑉·𝛬

𝛥𝐼𝑝 = 𝐾 (𝐿+1.6𝑟)2 𝑆𝑟,𝑑
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(4.2)

where 𝛥𝐼𝑝 , 𝛾, 𝑉, 𝐾, 𝐿, 𝑟, and 𝑆𝑟,𝑑 are the peak amplitude of resistive pulse distribution (see section
6 of Supporting Information for further details), shape factor (assumed to be 1.5 for spheres),48
applied voltage, electrolyte conductivity, nanopore length, nanopore radius, and the correction
factor (dependent on the relative values of nanopore and molecular radii and assumed to be 1),
respectively. An unfolded protein has a smaller excluded volume than a folded protein.49 A protein
molecule subjected to lower voltages is thus expected to have a larger excluded volume than that
subjected to higher voltages as higher voltages will result in voltage induced protein unfolding
(demonstrated in Figure 4.2 as well). This is also evident by Figure 4.3(a), where the excluded

Figure 4.3: (a) Excluded volume and (b) fraction of events below residence time of 50 μs with
applied voltage at pH 8 (black trace), pH 6 (red trace), and pH 4 (blue trace) in the same ~20nm
diameter pore. Solid lines of (a) correspond to an exponential fit and (b) are as a guide to the
eye.
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volume exponentially decreases with increasing voltage49 - protein unfolding - up to about
400 mV. Above 400 mV, the excluded volume remains relatively constant with applied voltage.
This could correspond to the completely unfolded state of the hSTf protein. Such voltage driven
full extension of protein has also been observed by Freedman et al. for the same voltage range.9
When the molecule is unfolded, as mentioned earlier, the voids occupied by the folded
conformation become less and perhaps the true molar volume is represented. This is confirmed by
the horizontal asymptotes of Figure 4.3(a) (see Supporting Information section 7 for fitting details)
where a good agreement, within error, exists with the calculated molar volume of hSTf in literature
(144 ± 45 nm3)34 and values reported in this study. The horizontal asymptote of an exponential
function fitted to each of the excluded volume profiles of Figure 4.3(a) yielded excluded volumes
corresponding to the unfolded state of hSTf at pH 8, 6, and 4. They were 107±4 nm3, 98±8 nm3
and 176±40 nm3 (fit value ± standard error of the fit) respectively.
Another significant difference between the Fe(III)-rich and Fe(III)-free forms of the hSTf
is seen in the event duration distribution. We deduced an event duration threshold where at least
80% of the events would be faster than the defined threshold for +800 mV of applied voltage at
pH ~8 (𝑓𝑏𝑒𝑙𝑜𝑤 , see Supporting Information section 8 for more details). It is interesting to note, as
seen in Figure 4.3(b), the fraction of events below 𝑓𝑏𝑒𝑙𝑜𝑤 remains relatively constant with applied
voltage for both pH 6 and 8 where hSTf is in its holo form. However, at pH 4, the fraction of events
below 𝑓𝑏𝑒𝑙𝑜𝑤 decreases with increasing voltage. If voltage driven protein unfolding was absent,
the observed behavior would be counter-intuitive as molecules move faster with increasing applied
voltage and the fraction of events below 𝑓𝑏𝑒𝑙𝑜𝑤 is expected to increase. However, in the case of
the proteins, as explained and observed with earlier results, with increasing voltage, the protein is
thought to unfold. Longer molecules, as seen with length dependent DNA translocation studies,
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would have slower translocation times.18,
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Therefore, as the protein unfolds, the resultant

competitive contributions from the molecular length and the electrophoretic force on the molecule
would govern the translocation duration characteristics. Migration speed through capillary
electrophoresis has shown unfolded proteins to have slower migration speeds compared to the
folded counterpart.51 At pH 4, the temporal contribution from increase in length could be greater
than that from the electrophoretic force with increasing voltage. However, for pH 6 and 8, since
the fraction of events below 𝑓𝑏𝑒𝑙𝑜𝑤 remains relatively constant, these two contributions could be
increasing in the same magnitude to yield the observed results in Figure 4.3(b).
Distinguishing between holo- and apo-hSTf: We then conducted translocation experiments
using a commercially available pure apo-hSTf product (T1147, Sigma Aldrich) at pH ~8 for the
same voltage range. This pH (>pI of hSTf) was chosen because holo hSTf would be in its Fe(III)
bound form, thereby, providing a platform to compare the translocation characteristics of the
Fe(III) bound and free forms of hSTf at a pH where hSTf is expected to be in its Fe(III) bound
state. We did not consider pH 10 due to the poor event frequency of holo-hSTf. The primary
difference between the two species is the chelation through Fe(III). For comparison purposes, we
conducted experiments through the same pore (~20 nm in diameter) in a sequential manner where
holo form is run and after cleaning the same nanopore with copious amounts of water and ethanol
to be free of any resistive pulses, the pure apo product is run. The holo form of hSTf, due to the
presence of Fe(III), would be more folded at lower voltages compared to its apo counterpart. Since
a folded hSTf has a higher molecular volume compared to an unfolded protein (Figure 4.3(a)), it
is not surprising to see the distribution seen in Figure 4.4(e) where the holo form has a longer tail
along the 𝛥𝐺 axis compared to the pure apo product at +100 mV. However, as the voltage is
increased, the distribution of the holo form shifts more towards lower 𝛥𝐺 values compared to the
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pure apo product. This is counter-intuitive as one would expect the holo form, due to chelation
through Fe(III), to unfold less compared to the apo form. This could be because of the opposing
force contributions from chelation and the electrophoretic force - former keeps the molecule folded
while the latter tries to unfold. Based on the results, it is reasonable to conclude that these two
opposing forces, could in fact lead the proteins to occupy a more prolate than a globular shape
compared to its folded state - a form analogous to electrodeformation seen with soft particles.52
The presence of excess apo form in serum would indicate lower transferrin saturation levels
(iron deficiency) while presence of lower apo form would indicate elevated transferrin saturation
(iron overload). Since we saw differences in the 𝛥𝐺 distribution of apo and holo form as seen
Figure 4.4, our method could potentially serve to detect unusual presence of the apo form. Since
the experiment was done at a concentration about ~140 times below the serum hSTf level53, the
nanopore sensor holds great promise for clinical detection. The ability to detect the presence of the
apo form in a mixture of the two forms would be the best way to gauge the diagnostic capability
of the sensor. To investigate this, we performed sequential experiments in the same pore where

Figure 4.4: Scatter plots corresponding to log of event duration vs change in conductance
(𝛥𝐺(𝑛𝑆)) of holo-hSTf (magenta) and pure apo product (green) translocations through the
same ~20 nm diameter pore under (a) +800 mV, (b) +600 mV, (c) +400 mV, (d) +200 mV,
and (e) +100 mV applied voltage. The corresponding histograms are shown after the x-axis
break with dashed and solid lines corresponding to individual and cumulative Gaussian fits
respectively (black for holo and blue for apo). The histogram counts of (c), (d), and (e) are
multiplied by 2,5 and 7 for clarity.
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the holo, apo and 1:1 molar mixture of the two forms are run separately through the same ~20 nm
diameter pore. We conducted this fingerprinting experiment at pH ~8 for the same voltage range.
Individual holo-hSTf and pure apo product runs yielded clearly distinguishable event populations
as seen in Figures 4.4 and 4.5. When the 1:1 molar mixture of the two hSTf forms was introduced,
a cumulative of their individual ΔG scatter populations were observed as seen in the top row of
Figure 4.5. To check the reproducibility of this methods, we performed two additional runs of the
fingerprinting experiment using two separate ~20 nm diameter pores (Supporting Information
section 9) and they showed similar trends.

Figure 4.5: Event duration (𝛥𝑡(𝜇𝑠)) vs change in conductance ( 𝛥𝐺(𝑛𝑆)) for holo-hSTf
(magenta), pure apo form of hSTf (green) and a 1:1 molar mixture of the two hSTf forms
(black) at (a) +800 mV, (b) +600 mV, (c) +400 mV, (d) +200 mV, and (e) +100 mV applied
voltage through the same ~20nm diameter pore. The corresponding probability density function
histograms are shown below each image in the top row. The dashed and solid black lines
correspond to individual and cumulative Gaussian fits respectively. The vertical dashed blue
lines each column corresponds to the full-with half max positions of the higher 𝛥𝐺 distribution
corresponding to the pure apo product (green distribution).
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To detect the presence of the apo form in the mixture run, we first established the FWHM
positions corresponding to the higher 𝛥𝐺 population of the pure apo run. This population was
chosen, as it overlapped the least with the total distribution of the holo form at higher voltages as
seen in the bottom row of the Figure 4.5. Then we calculated the fraction of area occupied within
these FWHM limits (𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜 ). Figure 4.6 shows the 𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜 with applied voltage for each of
holo (magenta), apo(green) and mixture (black) runs. In the case of the holo-hSTf, 𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜
remained negligible from +400 to +800 mV whereas that of the pure apo and the mixture were
substantially higher than the holo-hSTf, with the mixture, as expected, having the highest values.
There was considerable overlap of 𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜 at ≤200 mV which can be seen in Figure 4.5(d) and
2.5(e). Therefore, the +400 mV to +800 mV voltage range could potentially serve as a diagnostic
voltage range to detect the presence of the apo form in sample. However, one must consider the
pore-to-pore variations and other experimental conditions such as ambient temperature that could
lead to variations in 𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜 . This is well observed in Supporting Information section 10, where
values adopted by 𝑓𝐹𝑊𝐻𝑀,𝑎𝑝𝑜 is dependent on the pore but the pattern remains the same: pure holo

Figure 4.6: Fraction of area within the limits defined by the FWHM positions of the higher
𝛥𝐺 population corresponding to the pure apo product for holo (magenta circles), apo (green
triangles) and 1:1 molar mixture (black squares) runs through the same ~20nm diameter
pore.
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is significantly lower than the apo form and the 1:1 mixture of the two mostly at higher voltages.
Therefore, for successful implementation of this method, at this point, pure holo and apo product
must be run on the same pore sequentially to establish the baseline profiles of the pure forms before
running the 1:1 mixture. Considering the time scale (few minutes for each voltage), the entire assay
would only take about ~1 hour in total to span all voltages shown in Figure 4.6.
4.4 Conclusions
In this study we have demonstrated the ability of SixNy nanopores, fabricated through CDB
process, to profile pH and voltage responsiveness of hSTf and to distinguish between the holo and
apo form in a 1:1 molar mixture of both. The electrophoretic force acting on hSTf is responsible
for the translocation events that are observed with it responding only to positive voltages when
pH>pI and only to negative voltages when pH<pI except at pH ~4 where it responds to both the
voltage polarities. Translocations at pH 4 can be attributed to the diffusion of hSTf through the
pore. As the voltage is decreased, the resulting change in conductance (ΔG) due to hSTf
translocation increases (Figure 4.2). The voltage driven protein unfolding also becomes less
prominent at lower voltages. Therefore, there is an inverse relationship between ΔG and degree of
protein unfolding - higher the ΔG, lower the unfolding. Thus, at lower voltages, hSTf exists in its
folded state. The transiently excluded electrolyte volume is also lower for unfolded proteins as
seen in Figure 4.3. This is expected because folded protein contains internal voids within which
also contributes to the total molecular volume. Thus, when the molecule is unfolded, such voids
become less, and the true molecular volume is represented. This is evident by the horizonal
asymptotes of Figure 4.3(a) where a good agreement, within error, exists with the calculated
molecular volume of hSTf. The for-comparison purposes, pure apo form of hSTf was translocated
through the SixNy nanopore at pH ~8 from 50-800 mV of applied voltage. The pure apo product
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translocated at two orders of magnitude less frequency compared to the holo-hSTf. A clear
difference in the event population can be seen between the holo and the pure apo product (Figure
4.4) with the latter having a higher mode in its ΔG profile. This was expected as chelation through
Fe(III) in the holo-hSTf would lead to a much tighter folding compared to the pure apo product at
pH 8. This is also evident by DLS data which suggest a larger tumbling molecular conformation
for the pure apo product. We expected to see a cumulative population representation of these two
forms when a 1:1 molar mixture of the two are run through a nanopore. However, we observed a
population with a longer tail along the ΔG axis (Figure 4.5) with a higher mode in the ΔG profile
compared to the two individual hSTf forms. The ability to distinguish the two forms of transferrin
from each other is of great clinical value, particularly in dealing with problems related to iron
deficiency and iron overload.
4.5 Methods
Nanopore fabrication: The controlled dielectric breakdown (CDB) method was used to fabricate
nanopores on nominally ~30 nm thick free standing SixNy membranes (NX5025X, Norcada,
Canada). CDB is capturing more traction in nanopore fabrication as it is a solution-based method
with a low-cost overhead which has the capability to controllably fabricate small diameter pores
and to enlarge them as needed.54-55 Conductance-based modeling methods to estimate the nanopore
size and surface chemistry have made CDB a competitive and cost-effective alternative to electron
microscopy-based methods. The conductance was measured through ohmic measurements from 200 mV to +200 mV in 1 M KCl at pH~7 which was buffered using 10 mM HEPES (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid)) and the value obtained was used to estimate the
size of the nanopore using,42, 56
4𝐿

1 −1

𝐺 = 𝜎 [𝜋𝐷2 + 𝐷]
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(4.3)

where D, L, and σ are the nanopore diameter, nominal membrane thickness and conductivity of
the electrolyte solution respectively. The conventional tris-ethylenediaminetetraacetic acid
(EDTA) buffer was not used as EDTA can ligate with Fe(III) and leads to the unfolding of hSTf
at unexpected pH values.
The nanopore chip was sandwiched between two polydimethylsiloxane (PDMS) gaskets to be
watertight and this assembly was mounted between two custom-built polytetrafluoroethylene
(PTFE) flow half-cells. Ag/AgCl electrodes were placed in both the chambers and were connected
to a custom-built circuit for controlled voltage application. The nanopore was fabricated by
applying < 1V/nm across the pristine SixNy membrane in 1M KCl (P9333, Sigma-Aldrich, USA)
at pH ~7 (buffered by 10mM HEPES (H0527, Sigma-Aldrich, USA)). The pH was adjusted by
adding HCl (H1758, Sigma-Aldrich, USA) or KOH (306568, Sigma-Aldrich, USA) dropwise.
After the initial pore formation indicated by an abrupt increase in the leakage current42, the
conductance resulting ohmic measurements (I-V curves) from -200mV to +200mV is used to
estimate the size of the pore using Equation 2.3. The pore was then enlarged gradually by applying
a high and low pulse train54 until the desired pore size was reached. The process generally took 510 minutes.
Protein preparation: Both holo (T0665, Sigma-Aldrich, USA) and apo (T1147, Sigma-Aldrich,
USA) forms of hSTf were used as supplied by the manufacturer. The stock solutions were prepared
by dissolving each protein powder in ultra-pure water (ARS-102 Aries high purity water systems).
All stock solutions were stored at ~5°C and used within 7 days of preparation.
Single channel current recordings: pClamp (version 10.6, Molecular Devices LLC., USA)
software was used for instrument control and data acquisition. Axopatch 200B amplifier
(Molecular Devices LLC., USA) was used with Ag/AgCl electrodes to record electrical signals.
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All electrical signals were acquired at a sampling frequency of 200 kHz and filtered by an built-in
10 kHz 4-pole low-pass Bessel filter. The signal was digitized with a Molecular Devices Digidata
1440A digitizer (Molecular Devices LLC., USA). I-V curves for pore size estimations were
acquired using custom written LabView (version 2016, National Instruments, USA) scripts at a
sampling frequency of 10 kHz while low pass filtering at 1 kHz
Resistive pulse characterization: All signal processing and data plotting was done using customwritten scripts of MATLAB (version 9.4, Natick, MA, USA) and graphical interfaces. A moving
average method was used to correct any baseline drifts. Events were classified as current
perturbations five times the standard deviation of the baseline current (𝐼0 ). Each event was then
characterized in terms of amplitude (𝐼), full width at half max (FWHM) duration and change in
conductance (𝛥𝐺 =

𝐼0 −𝐼
𝑉

). See Supporting Information for further details.
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Supporting Information
Surface charge and size measurements of apo-hSTf; applied voltage and electrolyte concentration
dependence of ionic traces; determination of unfolded and (pseudo-) folded fraction; conductance
change with pore diameter; molecular volume analysis; positive idenification of apo-hSTf in a
apo- and holo-hSTf mixture.
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Section 1: Zeta potential and dynamic light scattering (DLS) data acquisition
Zeta potential and DLS data were acquired using Zetasizer Nano ZS (Malvern Instrument, UK).
Protein samples were dissolved in 50 mM KCl to a final concentration of 25 μM. The pHs of the
protein solutions were adjusted by adding concentrated drops of HCl or KOH. Data were treated
using the Smoluchowski model of Zetasizer Nano ZS operating software. KCl was chosen as the
dispersant and a refractive index of 1.488, dielectric constant of 80.4 and viscosity of 0.89 were
set in the software. Data were acquired after 60 seconds of equilibration time at 25°C. For zeta
potential and DLS measurements, a total of eight and three runs, respectively, were done for each
pH. Each run corresponds to 20 acquisition cycles. The averaged data along with standard
deviation of holo-hSTf is presented in Table 1. The zeta potential and DLS corresponding to the
pure apo product is shown in Table S4.1

Table S4.1 : Zeta potential (𝜁𝑝𝑟𝑜𝑡𝑒𝑖𝑛 , 8 trials for each pH) and effective diameter estimated by
dynamic light scattering (𝐷𝑝𝑟𝑜𝑡𝑒𝑖𝑛 , 3 trials for each pH) of the pure apo form of hSTf for each
corresponding pH shown in first row (average ± standard deviation).
pH 2

pH 4

pH 6

pH 8

pH 10

𝜁𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑉)

13.5±1.3

9.7±0.7

-4.9±0.6

-7.1±0.4

-9.8±1.0

𝐷𝑝𝑟𝑜𝑡𝑖𝑒𝑛 (𝑛𝑚)

9.5±0.5

7.9±1.1

7.3±0.1

8.1±0.5

7.4±0.3
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Section 2: Applied voltage and ionic traces

Figure S4.1: Two second current traces resulting from translocations of (250 nM) hSTf in
buffered (10 mM HEPES) 2 M KCl through a ~20 nm diameter nanopore in response to (a)
800 mV, (b) 600 mV, (c) 400 mV, (d) 200 mV and (e) 100 mV of applied voltage at pH ~8.
Section 3: Electrolyte concentration and ionic traces

Figure S4.2: Four second current traces resulting from translocations of (250 nM) hSTf in (a) 1 M
KCl, (b) 500 mM KCl and (c) 100 mM KCl through a ~20 nm diameter nanopore in response to
(a) 800 mV, (b) 600 mV, (c) 400 mV, (d) 200 mV and (e) 100 mV of applied voltages at pH ~8.
Figure S4.2 shows the four-second current traces of hSTf in 1 M, 500 mM and 100 mM KCl
solutions. Comparing these traces with the corresponding traces in Figure S4.1, we see that the
event frequency and the magnitude of the current drop also decreases as electrolyte concentration
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is decreased. It is important to note that while Figure S4.1 shows two-second current traces, Figure
S4.2 shows four-second current traces.
Section 4: Unfolded and (pseudo-) folded fraction determination
The probability density function (PDF) histograms corresponding to change in conductance
(𝛥𝐺(𝑛𝑆)) caused by holo-hSTf translocating at each applied voltage were constructed using
Smooth Histogram function of Mathematica 11.0.1.0 with Automatic estimator specification and
PDF distribution function. Then the distribution was fitted with two Gaussian functions, each in
the form,
𝐴𝑖 exp(−(𝛥𝐺 − 𝜇𝑖 )2 /𝜎𝑖2 )

(S4.1)

where 𝐴𝑖 , 𝜇𝑖 , 𝜎𝑖 and 𝑥 the amplitude, mean and standard deviation of the ith Gaussian function and
change in conductance. The individual Gaussians are shown in dashed (black) lines and the
cumulative is shown in solid (black) line in Figure S4.1. The area within the vertical dashed blue
line represents the (pseudo-)folded fraction of holo-hSTf and was calculated by integrating the
cumulative fit curves by bounds defined by the full width at half maximum (FWHM) of the higher
𝛥𝐺 distribution at 100 mV (blue vertical lines in bottom row of Figure 4.2) using the Integrate

Figure S4.3: Fraction of unfolded (𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 ) holo-hSTf with applied voltage at each pH as
shown in the legend.
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function of Mathematica 11.0.1.0. This was then divided by the complete area corresponding to
each run: 𝑓𝑓𝑜𝑙𝑑𝑒𝑑 . Therefore, 𝑓𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 = 1 − 𝑓𝑓𝑜𝑙𝑑𝑒𝑑 .
Section 5: Change in conductance (𝜟𝑮) due to hSTf translocations at pH ~8 with pore
diameter

Figure S4.4: Scatter plots corresponding to log of event duration vs change in conductance
(𝛥𝐺(𝑛𝑆)) caused by hSTf translocating at pH 8 through (a) ~14 nm, (b) ~19 nm, (c) ~24 nm,
and (d) ~29 nm diameter pores under applied voltages of 800 mV (blue trace), 600 mV
(magenta trace), 400 mV (green trace), 200 mV (gray trace), and 100 mV (orange trace). The
corresponding probability density function histograms shown after the break in the x-axis are
for a comparison view with the histograms shown below each scatter plot for clarity. The
dashed and solid black lines correspond to individual and cumulative Gaussian fits respectively.
The histogram counts of (a), (b), (c) and (d) are multiplied by 3, 0.4, 0.4 and 0.2 for clarity.
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The nanopores fabricated through CDB (size estimated using Equation 4.1) with varying pore
diameters were used to see the translocation characteristics as a function of pore diameter.
Experiments were done at pH ~8 (buffered using 10 mM HEPES) with a final holo-hSTf
concentration of ~250 nM using nanopores of diameters ~14nm, ~19nm, ~24nm and ~29nm. The
probability density function histograms for these four nanopores are shown in Figure S4.4. The
mean (𝜇𝑖 ) corresponding to the 𝛥𝐺 population with the highest counts from these probability
density function histograms for each pore diameter is plotted in Figure S4.5.

Figure S4.5: The 𝛥𝐺 with maximum counts from probability density function histograms of
Figure S4.4 as a function of pore diameter.

Section 6: 𝜟𝑰𝒑 for molecular volume calculation
From the distributions of change in current (𝛥𝐼(𝑝𝐴)) vs event duration (𝛥𝑡(𝜇𝑠)), histograms of
𝛥𝐼(𝑝𝐴) were constructed and then fit with a sum of two exponential decays with the following
form:
𝑓𝑎 = exp (−𝛥𝐼⁄2𝜎 2 ) × ((𝐴1 exp(−𝛥𝐼/𝜆1 ) + 𝐴2 exp(−𝛥𝐼/𝜆2 )) ∙ 𝛿)
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(S4.2)

Values below histogram modes were truncated using the step function, 𝛿. All parameters were left
free and fitted using NMinimize method of the NonlinearModelFit of Mathematica 11.0.1.0. The
peak of the fit (𝛥𝐼𝑝 ) is then used for molecular volume calculation.

Figure S4.6: Change in current (𝛥𝐼(𝑝𝐴)) vs event duration (𝛥𝑡(𝜇𝑠)) of hSTf at pH 8 (top
row), 6 (middle row) and 4 (bottom row) for applied voltages of (a) 800 mV, (b) 600 mV, (c)
400 mV, (d) 200 mV, and (e) 100 mV. The fits are shown in red (fitting details in section 6).

Section 7: Exponential fit to molecular volume vs applied voltage data
Molecular volume vs applied voltage (Figure 4.3(a)) for a given pH was fitted using the following
exponential function,
𝑓𝑒 = 𝑎 · 𝑏 𝛬 + 𝑐

(S4.3)

where 𝑎, 𝑏, 𝑐 and 𝛬 the exponential pre-factor, exponential base factor, horizontal asymptote and
molecular volume. Fitting was done using Automatic method of the NonlinearModelFit of
Mathematica 11.0.1.0.
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Section 8: Fraction of events below a pre-defined time threshold
Figure S4.7 shows the fraction of events with an event duration below the event duration threshold
defined in the x-axis 𝛥𝑡(μs) for pH 4 (blue trace), pH 6 (red trace) and pH 8 (black trace) for a
range of applied voltages. Since the sampling frequency is 200 KHz during data acquisition, the
maximum achievable temporal resolution is 5 μs. Therefore, the current-time trace for a given
voltage and pH was sampled in 5 μs intervals. At pH 8 (+800 mV), holo-hSTf is fully extended.
Therefore, we used that pH and voltage to establish a time-threshold where at least 80% of the
event population would have a duration time below the defined time-threshold.

Figure S4.7: Fraction of events ( 𝑓𝑏𝑒𝑙𝑜𝑤 ) with an event duration below the event duration
threshold defined by 𝛥𝑡(𝜇𝑠) for (a) 800 mV, (b) 600 mV, (c) 400 mV, (d) 200 mV, (e) 100 mV,
and (f) 50 mV applied voltages at pH 4 (blue trace), pH 6 (red trace), and pH 8 (black trace).
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Section 9: Comparison of holo and apo forms of hSTf at pH ~8

Figure S4.8: Scatter plots corresponding to log of event duration vs change in conductance (𝛥𝐺(𝑛𝑆))
because of holo-hSTf (magenta) and pure apo product (green) translocations through ~20 nm pores at
(a)+800mV, (b) +600mV, (c) +400mV, (d) +200mV, and (e) +100mV of applied voltage. Each row
corresponds to a separate ~20 nm diameter pore with all data in a given row acquired from the same
pore.
Section 10: Positive identification of the presence of apo-hSTf in a 1:1 molar mixture

Figure S4.9: Fraction of area within the limits defined by the FWHM positions of the higher 𝛥𝐺
population corresponding to the pure apo product for holo (magenta circles), apo (green triangles) and
1:1 molar mixture (black squares) runs through two unique ~20 nm diameter pores.
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5.1 Abstract
Nanopore probing of molecular level transport of proteins is strongly influenced by
electrolyte type, concentration, and solution pH. As a result, electrolyte chemistry and applied
voltage are critical for protein transport and impacts, for example, capture rate (𝐶𝑅 ), transport
mechanism (i.e., electrophoresis, electroosmosis or diffusion), and 3D conformation (e.g.,
chaotropic vs. kosmotropic effects). In this study, we explored these using 0.5 M-4 M LiCl and
KCl electrolytes with holo-human serum transferrin (hSTf) protein as the model protein in both
low (±50 mV) and high (±400 mV) electric field regimes. Unlike in KCl, where events were purely
electrophoretic, the transport in LiCl transitioned from electrophoretic to electroosmotic with
decreasing salt concentration while intermediate concentrations (i.e., 2 M and 2.5 M) were
influenced by diffusion. Segregating diffusion-limited capture rate (𝑅𝑑𝑖𝑓𝑓 ) into electrophoretic
(𝑅𝑑𝑖𝑓𝑓,𝐸𝑃 ) and electroosmotic (𝑅𝑑𝑖𝑓𝑓,𝐸𝑂 ) components provided an approach to calculate the zetapotential of hSTf (𝜁ℎ𝑆𝑇𝑓 ) with the aid of 𝐶𝑅 and zeta potential of the nanopore surface (𝜁𝑝𝑜𝑟𝑒 ) with
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(𝜁𝑝𝑜𝑟𝑒 -𝜁ℎ𝑆𝑇𝑓 ) governing the transport mechanism. Scrutinization of the conventional excluded
volume model revealed its shortcomings in capturing surface contributions and a new model was
then developed to fit the translocation characteristics of proteins.
KEYWORDS: electrophoresis, electroosmosis, zeta potential, diffusion-limited transport,
barrier-limited transport, chemically tuned controlled dielectric breakdown
5.2 Introduction
Nanopores are nanofluidic apertures spanning an impervious membrane separating two electrolyte
reservoirs. When an appropriate voltage bias is applied across the membrane, a molecule
translocates from one chamber (cis) to the other (trans) perturbing the open pore current and
generating resistive pulses that are characteristic of the molecule under analysis. The applications
of nanopores span a wide range of fields such as genomics,1-2 proteomics,3-6 glycomics,7-8
virology,9-11 and lipid nanoparticles.12-14 The analyte transport generally occurs through
electrophoresis, electroosmosis, dielectrophoresis or diffusion mechanisms.15-18 Nanopore and
analyte surface charge play an integral role in electrophoresis and electroosmosis driven
trasnport.19-22 Depending on the surface charge of the nanopore and the analyte, electrophoretic
and electroosmotic forces (FEP and FEO respectively) can be opposing or reinforcing.
Electrophoresis is mainly dictated by the analyte charge (pH-dependent) and applied voltage
whereas electroosmosis primarily relies on the nanopore surface charge (pH-dependent),
electrolyte concentration and applied voltage. The nanopore surface charge is a complex interfacial
property due to the nanopore’s restricted volume and depends on a host of factors such as pH,23
surface head groups,24-25 and fabrication method.26-27 For charge-neutral molecules, electroosmosis
is imperative for translocations to occur.8, 28 Moreover, it has been shown that in case of charged
particles, electroosmosis can capture particles against electrophoresis, the key factor being the
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nanopore surface (for electroosmosis) and particle charge (for electrophoresis) which are
dependent on the solution pH .16, 18 The electrolyte concentration also plays a vital role in the
electroosmotic transport mechanism.29-30 For example, at higher electrolyte concentrations, the
electrical double layer (EDL) which has been established to come to the fore in the electroosmosisdominant transport mechanism, would be more compact and vice-versa at lower concentrations.
The activation of surface charge effects by electrolyte tuning is also evident by the deviation of
the expected open-pore conductance from the observed values at low electrolyte concentrations if
surface contributions are not accounted for properly.31-32 Thus, by tuning the electrolyte
concentration, one can tune the magnitude of the contribution of EO to the overall transport and
thereby, the capture rate ( 𝐶𝑅 ) and direction/magnitude of molecular transport depending on
whether FEO opposes or reinforces the FEP and their relative magnitudes. Electroosmosis can be
minimized through nanopore surface modifications where the surface remains charge-neutral over
a range of pH values.24 In our previous work, we have shown that a simple change to the electrolyte
chemistry during pore fabrication (using controlled dielectric breakdown (CDB)) yields nanopores
with considerably different surface chemistry compared to CDB nanopores (coined as chemically
tuned CDB: CT-CDB) where surface charge density does not change appreciably up to pH ~8.27
Since the surface charge of a CT-CDB nanopore at pH ~8 is (slightly) negative, for a negatively
charged analyte, if FEP > FEO, the translocation would occur under positive voltage polarity and at
opposite polarity if FEO > FEP.
Electrolytes are known to have a complex effect on the 3D structure of proteins through
interactions with, for example, unpaired charged side chains (e.g., crosslinking through multivalent
ion binding) and the dipole peptide bonds.33 Destabilization of the protein occurs if ions bind
preferentially to the non-native state over the native state.34 The electrolyte type, according to the
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Hofmeister series – originating from the work of Franz Hofmeister nearly 130 years ago – can
either have salting-in (chaotropic; destabilizing effects) or salting-out (kosmotropic; stabilizing
effects) effects on protein stability.35 The work of Green et al. suggests that the Hofmeister effects
are prominent at high salt concentrations (0.5-3 M)36 – the range where a host of nanopore-based
protein profiling experiments are done. More recently, Medda et al. showed that these effects are
present at physiological concentrations as well.37 Thus, the electrolyte chemistry plays an
important role in both intra- and inter-protein interactions and ultimately on the protein 3D
structure.
To test the transport mechanism in response to electrolyte type and concentrations, we used
the holo form of hSTf as the model protein. The hSTf is a blood glycoprotein comprised of 679
amino acids, with a molecular weight of ~80 kDa that binds to iron with a high affinity constant
(1020 M-1) at physiological pH.38 This protein is critical for iron homeostasis with iron release from
hSTf clefts taking place at lower endosomal pH. In a previous study, we observed hSTf to be
dominantly translocating via the electrophoretic mechanism at pH ~6 and ~8 while diffusion was
seen to play a key role at pH ~4.3 These observations were inextricably linked with the pI of hSTf
(~5.2-5.6), which is also the case with other nanopore-based protein studies.19, 39 However, that
study was done at a relatively high salt concentration (2 M KCl), diminishing the possibility of
electroosmosis dominating the transport mechanism due to charge screening. In this study, we
used 0.5 M-4 M LiCl and KCl (mostly in 0.5 M steps, buffered at pH~8) across an appreciably
wide voltage range (±50 mV to ±800 mV) to enable the study of 𝐶𝑅 , transport mechanism and 3D
conformation (e.g., chaotropic vs. kosmotropic effects). A shift in responsive voltage polarity
correlated to a transition in the transport mechanism from electrophoresis (typically at higher
electrolyte concentrations) to electroosmosis through a diffusion phase at intermediate electrolyte
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concentration levels. Although, in most studies, the applied voltage is chosen arbitrarily to be in
high (diffusion-limited) or low (barrier-limited) electric field regime, our results reveal the
shortcomings of such choices because 𝐶𝑅 was observed to have a voltage threshold where the
behavior was considerably different on either side of the said threshold. This is thought to be a
combination of voltage driven unfolding coupled with chaotropic/kosmotropic effect of ions in the
electrolyte and the magnitude and direction of FEP and FEO. To understand the transport direction,
the zeta potential of both the nanopore surface (𝜁𝑝𝑜𝑟𝑒 ) and holo-hSTf (𝜁ℎ𝑆𝑇𝑓 ) were calculated.
Since conventional zeta potential measurements (using a Zetasizer at relatively higher hSTf
concentrations) proved to be inadequate, we resorted to measuring the 𝐶𝑅 of holo-hSTf as a
function of 𝜁𝑝𝑜𝑟𝑒 to estimate 𝜁ℎ𝑆𝑇𝑓 . Since 𝐶𝑅 is dependent on the resultant of competing forces
generated by electrophoresis and electroosmosis, when the two forces are equal, the capture rate
could be anticipated to approach zero, from which 𝜁ℎ𝑆𝑇𝑓 was calculated.
5.3 Experimental section
Nanopore Fabrication and Size Estimation
Nanopore fabrication was carried out using nominally ~12 nm thick silicon nitride (Si xNy)
membranes (NBPX5001Z-HR) purchased from Norcada Inc. using the CT-CDB method27 with
2:9 sodium hypochlorite (425044, Sigma Aldrich): 1M KCl (P9333, Sigma-Aldrich) buffered at
pH ~7 using 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich,
H0527). In brief, an electric field of <1 V/nm was applied until an abrupt increase in the leakage
current was observed which is indicative of a pore formation. After the initial pore-formation,
voltage pulses were applied until the pore-size of interest was reached. To measure the final pore
size, all content was thoroughly exchanged with 1M KCl buffered at pH ~7 and a current-voltage
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(I-V) curve was obtained. The diameter of the fabricated pores was calculated using the slope of
the I-V curve with a formulation that included bulk, surface, and access resistance contributions,
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Eq. 5.1

where 𝐺, 𝑟0 , 𝐿, 𝐾, 𝜎𝑝 , 𝜇, 𝛼 and 𝛽 are the open pore conductance, nanopore radius, membrane
thickness, electrolyte conductivity, nanopore surface charge density, mobility of counter-ions
proximal to the surface and model-dependent parameters (both set to 2).27, 40 Contribution of the
access resistance to the overall resistance become significant for pores with low thickness to
diameter ratios. For example, this is true for cases where the thickness is comparable or smaller
than the pore opening. In our case, the thickness and the pore diameter are comparable and access
resistance should be accounted for. We would like to direct the interested readers to reference
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for further details on the origin and contribution of the 𝛼 and 𝛽 parameters to the overall
conductance in Eq. 5.1.
Electrolyte Preparation
All electrolyte solutions, KCl and LiCl (213233, Sigma Aldrich), were prepared using ultra-pure
water (ARS-105 Aries high purity water systems, resistivity of >18 MΩ cm). All LiCl electrolytes
were buffered with 10 mM Tris buffer (J61036, Fisher Scientific). The pH was adjusted by adding
HCl (H1758, Sigma-Aldrich) or KOH (306568, Sigma-Aldrich) dropwise and measured with an
Orion Star™ pH meter.
Electrical Measurements
Axopatch 200B (Molecular Devices LLC) was used for electrical measurements. A PCIe-6321
(controlled through a custom LabVIEW script (version 2016, National Instruments)) connected to
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a BNC 2110 (National Instruments) was used to digitize the output for I-V measurements. Signal
digitization was carried out using a Digidata 1440A (Molecular Devices LLC) for translocation
experiments at 250 kHz sampling frequency and 10 kHz lowpass filtering using the in-built Bessel
filter of the Axopatch 200B.
Nanopore-based Biomolecule Measurements
After fabrication, baseline profiles (before the addition of hSTf to the cis side) were obtained for
each electrolyte concentration of LiCl and KCl across all operational applied voltages (± 50 mV
to ±800 mV). All baseline profiles were free of any resistive pulse-like perturbations. The hSTf
was purchased from Sigma Aldrich (T0665). The hSTf stock solution was stored at ~5 °C and used
within 7 days from preparation. The hSTf was added to the cis side to a final concentration of
~100 nM. The experiments were carried out using 500 mM (~4.1 S/m), 1 M (~7.4 S/m), 1.5 M
(~11.1 S/m), 2 M (~12.4 S/m), 2.5 M (~13.8 S/m), 3 M (~15.2 S/m) and 4 M (~17.6 S/m) LiCl
or 500 mM (~5.9 S/m), 1 M (~11.1 S/m), 1.5 M (~15.9 S/m), 2 M (~20.9 S/m), 2.5 M (~27.9 S/m),
3 M (~32.9 S/m) and 4 M (~40.7 S/m) KCl buffered at pH 8. ~14 nm diameter single nanopores
through ~12 nm thick silicon nitride membranes were used for translocation experiments. Events
were analyzed using a custom script written in MATLAB (version 9.4). Three key parameters were
extracted for a given event: baseline current (I0), the magnitude of current perturbation (ΔI) and
event duration (Δt). The Δt was calculated using the full width at the half maximum (FWHM)
approach as discussed in SI Section 1.
Zeta Potential Measurements
Measurements were obtained using a Zetasizer Nano ZS (Malvern Instruments) using the
procedure described in our previous work.3 The hSTf was dissolved to a final concentration of
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~25 µM in 50 mM LiCl (0.573 S/m), 50 mM KCl (0.729 S/m) and KCl at 0.573 S/m (conductivity
equivalent of 50 mM LiCl). The refractive index, dielectric constant and viscosity were selected
as 1.662, 80.4 and 0.87 cP for LiCl and 1.488, 80.4 and 0.89 cP for KCl, respectively. The data
were treated by the Smoluchowski model in the operating software. A total of 10 cycles were
performed for each electrolyte type.
5.4 Results and discussions
Solid-state Nanopore Experimental Setup and Change in Conductance. The holo form of hSTf
was added to the cis side of the nanopore and driven across the pore in response to a voltage (𝑉𝑎𝑝𝑝 )
applied to the trans side as seen in Figure 5.1a. Figure 5.1b shows the directions of electrophoresis
and electroosmosis originating from the interplay of the nanopore surface charge and positive 𝑉𝑎𝑝𝑝 .
These directions would be reversed under a negative 𝑉𝑎𝑝𝑝 . For a molecule to translocate through a
nanopore, it should i) diffuse from the bulk to the capture zone of the nanopore, ii) funnel (drift
dominant) to the pore entrance, and iii) overcome entropic (in case of long-chain polymeric
molecules) and/or electrostatic barriers. If the 𝑉𝑎𝑝𝑝 is not sufficient to overcome these energetic
barriers, the molecule could simply collide with the pore entrance rather than translocating through
it. Generally, the transport would either be diffusion-limited or barrier-limited. The diffusionlimited paradigm is typically seen with long-chain molecules under a high electric field whereas
the barrier limited paradigm is typically observed with short molecules under a weak electric field.
The 𝐶𝑅 and 𝑉𝑎𝑝𝑝 would be linearly correlated in the case of diffusion-limited transport (i.e.,
Smoluchowski’s rate equation) whereas the relationship is exponential in the case of barrier limited
transport (i.e., van’t Hoff-Arrhenius formalism). The 𝑉𝑎𝑝𝑝 would also dictate the translocation time
(𝜏) and 3D structure (e.g., voltage driven protein unfolding, soft particle electro-deformation) to a
large extent. Using hSTf as the model molecule, we first investigated the translocation behavior
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Figure 5.1: (a) Schematic of a nanopore setup where the analyte is added to the cis side and
transported across the nanopore in response to a voltage bias applied on the trans side. (b) The
electrophoretic and electroosmotic transport mechanisms could be (left) competitive or (right)
reinforcing depending on surface charge of the nanopore and direction of the applied voltage
across an appreciably wide 𝑉𝑎𝑝𝑝 range (±50 mV to ±800 mV) using the two ubiquitous electrolytes
in nanopore technology (LiCl and KCl buffered at pH ~8) as seen in Figure 5.2a-f. The experiments
were initially conducted with 4 M and 1 M of LiCl and 2 M of KCl. Experiments with 4 M KCl
could not be conducted over the entire 𝑉𝑎𝑝𝑝 range (overloads the Axopatch 200B system) while
1 M KCl yielded extremely poor 𝐶𝑅 . At lower electrolyte concentrations, the contributions from
electroosmosis and the analyte-counterions to the overall pore conductance during confinement
increase. The former (i.e., electroosmosis) opposes the electrophoretic motion in the case of hSTf
and CT-CDB fabricated pores, and the latter increases the overall ions available for conductance.
These would cause a decrease in 𝐶𝑅 and the signal-to-noise ratio (SNR) of the resistive pulse,
respectively. Lower SNR could also lead resistive pulses to be not detected by the algorithm
leading to decrease in 𝐶𝑅 . Thus, we chose 2 M KCl, 4 M LiCl and 1 M LiCl for further
investigation. A broad range of concentrations were later investigated as seen in Figure 5.3 with a
single 𝑉𝑎𝑝𝑝 rather than a range. The initial investigation with 2 M KCl, 4 M LiCl and 1 M LiCl
was to find a suitable 𝑉𝑎𝑝𝑝 for the study depicted in Figure 5.3.
Events were only observed for positive 𝑉𝑎𝑝𝑝 for 2 M KCl, and 4 M LiCl whereas in 1 M
LiCl it is the opposite polarity that generated events (Figure S5.2). The change in response to the
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𝑉𝑎𝑝𝑝 polarity is attributed to the change in the transport mechanism (i.e., from electrophoresis at
high LiCl concentrations to electroosmosis at low LiCl concentrations). In all three electrolyte
conditions, the 𝐶𝑅 with 𝑉𝑎𝑝𝑝 exhibited two distinct linear regimes (i.e., a breakpoint at ~400 mV).
While 2 M KCl (Figure 5.2a) demonstrated a higher sensitivity (i.e., higher slope) after the
breakpoint (~2.5× compared to pre-breakpoint slope), in 4 M LiCl (Figure 5.2b), the sensitivity
dropped by ~1.8× after the breakpoint. Interestingly, with 1 M LiCl (Figure 5.2c) an inverse
relationship between 𝐶𝑅 and 𝑉𝑎𝑝𝑝 was observed after the breakpoint. The change in conductance
due to hSTf translocation (Δ𝐺𝑃,𝑓 ) decreased with increasing 𝑉𝑎𝑝𝑝 and plateaued at ~400 mV in 2
M KCl while it continued to drop in the other two cases (Figure 5.2d). The Δ𝐺𝑃 was calculated by
fitting a Gaussian mixture model to the histogram distribution of change in open pore current (Δ𝐼)
as outlined in SI Section 3. The nonlinear behavior of Δ𝐺𝑃,𝑓 with 𝑉𝑎𝑝𝑝 is indicative of voltagedriven unfolding and the plateauing is indicative of maximum possible unfolding under the
experimental conditions.3, 41 An unfolded protein is typically more surface charged than its folded
counterpart due to the exposure of charged moieties that are otherwise hidden due to folding. 42
According to the Hofmeister series, Li+ is a chaotropic cation while K+ is a kosmotropic cation.43
It is possible that with voltage-driven unfolding, the ions of the electrolyte would have more access
to the otherwise shielded moieties due to the folded structure with chaotropic cations denaturing
and destabilizing the protein structure compared to kosmotropic cations. Although, the unfolding
plateaus in 2 M KCl (𝑉𝑎𝑝𝑝 > 400 mV), the continued unfolding in both 4 M and 1 M LiCl could be
due to these chaotropic effects of Li+. Taken together, these could provide explanations to the
change in slope after the breakpoint in Figures 5.2a-c: i) exposure of charged moieties through
protein unfolding would increase the contribution to electrophoretic movement and thereby
increasing the capture probability, ii) chaotropic destabilization would reduce the number of
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detectable molecules which would increase with additional unfolding contributions. For example,
an extra degree of unfolding component could be introduced due to the opposing electroosmosis
(dominant transport mechanism) and electrophoresis mechanisms in the case of 1 M LiCl (Figure
5.2c) which would further destabilize the protein structure and by extension the detectable

Figure 5.2: (a), (b) and (c) capture rate (𝐶𝑅 ), (d) conductance change (Δ𝐺𝑝,𝑓 ), (e) open-pore
current change (Δ𝐼𝑝,𝑓 ), and (f) translocation time (𝜏) originating from hSTf translocation as a
function of with applied voltage in 2 M KCl (black), 4 M LiCl (magenta) and 1 M KCl (blue)
respectively. All experiments were conducted at pH ~8 using ~14 nm diameter pores. Note
that all voltages corresponding to 1 M LiCl are in negative polarity whereas the rest (i.e., 2 M
KCl and 4 M LiCl) are in positive polarity. Solid lines in (a), (b) and (c) are linear fits to raw
data points (on either side of the red vertical line). Three independent runs of replicate
experiments were performed with new samples across two unique nanopores of similar sizes.
Full length of each error bar corresponds to the standard deviation of the replicated
measurements.
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molecules. The increase in the molecular length of hSTf caused by voltage-driven unfolding would
also minimize fast translocations that defy the electronic limitations of the Axopatch system (i.e.,
more molecules are detected) and would also lead to an increase in 𝜏 with 𝑉𝑎𝑝𝑝 as seen in Figure
5.2f (black trace) and has been observed previously as well.3 As expected, the opposing
electroosmotic and electrophoretic forces lead to a higher 𝜏 in 1 M LiCl as evident by Figure 5.2f
(blue trace). However, we note that the bandwidth limitations of the Axopatch 200B amplifier may
cause ballistic events to be not detected and only those that are delayed through interactions with
the pore to be detected as noted by previous work in the literature.44 To affirm the missed events,
we first calculate the effective capture radius (𝑟𝑒𝑓𝑓 ) using 𝑟𝑒𝑓𝑓 = 𝐶𝑅 /2𝜋𝐷𝐶 where 𝐷 and 𝐶 are
bulk diffusion coefficient (estimated using the Stokes-Einstein equation and was found to be
~7.6×10-7 cm2 s-1 for hSTf) and hSTf concentration (~100 nM) respectively. The 𝑟𝑒𝑓𝑓 at ±400 mV
was found to be ~1 nm, ~0.6 nm and ~0.9 nm in 2 M KCl, 4 M LiCl and 1 M LiCl respectively
which is at least 14× smaller than the pore radius. While high bandwidth equipment would permit
to detect fast moving protein events, as noted by Tabard Cossa et al., we obtained statistically
significant data (>1000 events) across all events to draw conclusions based on events slowed down
through interactions with the pore.44
At higher electric fields, experiments with 0.5 M LiCl were not possible for two reasons:
persistent clogging and poor 𝐶𝑅 at high electric fields. Moreover, as mentioned, hSTf continues to
unfold beyond 400 mV in 4 M LiCl and 1 M LiCl while ΔGP,f plateaus at ~400 mV in 2 M KCl.
Furthermore, the capture rate in 1 M LiCl drops at voltages higher than 400 mV. Taking the above
observations of the voltage-dependent study into account, we decided to conduct further studies at
±400 mV for the electrolyte concentration range from 1 M-4 M. The resistive pulses (also called
events) in response to ±400 mV applied voltages are shown in Figure 5.3a and Figure 5.3b for 1M138

Figure 5.3: 25-second current traces corresponding to hSTf translocations in (a) LiCl under
(left column) +400 mV and, (right column) -400 mV of applied voltage and (b) KCl under
+400mV of applied voltage at pH ~8. Traces corresponding to -400 mV for KCl are not shown
as there were no events in negative polarity. The vertical bar at the top corresponds to 2000 pA
(LiCl) and 5000 pA (KCl). Scatter plots corresponding to change in conductance because of
analyte transit with the corresponding translocation time for 4 M, 3 M, 2.5 M, 2 M, 1.5 M,
and 1 M of (c) LiCl and (d) 4 M, 3 M, 2.5 M and, 2 M of KCl buffered at pH ~8. All
experiments were conducted using ~14 nm diameter pores
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4 M LiCl and KCl (buffered at pH ~8), respectively. The corresponding scatter plots are shown in
Figure 5.3c (LiCl) and Figure 5.3d (KCl). Selected extended current traces are shown in Figure
S5.3 and Figure S5.4, which showcase the stability of CT-CDB nanopores and their resilience to
lengthy experiments spanning a considerable number of sensing conditions (Figure S5.5 shows
the response at ±50 mV for 0.5 M-4 M LiCl and KCl with selected extended current traces shown
in Figures S5.6 and S5.7). Thus, the concentration analysis was limited to 1 M-4 M at ±400 mV.
Interestingly, as seen in Figure 5.3b, KCl showed events only for +400 mV across all
concentrations whereas LiCl (Figure 5.3a) showed a transition from being solely responsive to
+400 mV at higher concentrations (electrophoresis-dominant transport mechanism), to both
polarities at intermediate concentrations and solely responsive to -400 mV at lower concentrations
(electroosmosis-dominant transport mechanism). The zeta potential of the protein (hSTf in this
case) and the nanopore for each electrolyte type and concentration is believed to play a vital role
in the transport direction. Considering the zeta potential of hSTf (𝜁ℎ𝑆𝑇𝑓 ) and that of the nanopore
wall (𝜁𝑝𝑜𝑟𝑒 ), the resultant drift velocity of hSTf can be expressed as 𝜐ℎ𝑆𝑇𝑓 =

𝜀(𝜁ℎ𝑆𝑇𝑓 −𝜁𝑝𝑜𝑟𝑒 )
𝜂

𝐸 where

E, 𝜀 and 𝜂 are average electric field strength, solution permittivity and viscosity of the medium,
respectively.45 The quantity 𝜁ℎ𝑆𝑇𝑓 − 𝜁𝑝𝑜𝑟𝑒 would to a large extent determine whether the
mechanism is electroosmotic (𝜁ℎ𝑆𝑇𝑓 < 𝜁𝑝𝑜𝑟𝑒 ) or electrophoretic (𝜁ℎ𝑆𝑇𝑓 > 𝜁𝑝𝑜𝑟𝑒 ) dominated and is
more broadly discussed below.
Transport mechanism and capture-based zeta potential measurement: To quantitatively
assess the transport mechanism, 𝜁ℎ𝑆𝑇𝑓 must be compared against 𝜁𝑝𝑜𝑟𝑒 . At high salt concentrations
(smaller Debye length compared to pore radius), ζpore could be calculated using an approximate
extension of Grahame equation (see SI Section 4 for further information),
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𝜁𝑝𝑜𝑟𝑒 =

𝜎𝑝
𝜖𝑟 𝜖0

𝜅 −1

Eq. 5.2

where 𝜅 −1 , 𝜖𝑟 and 𝜖0 are Debye screening length, relative permittivity, and vacuum permittivity,
respectively. To deduce 𝜎𝑝 , the open-pore conductance (G) of ~13.5±0.5 nm diameter pores were
measured as a function of the electrolyte concentration and fitted with Eq 5.1 as shown in Figures
5.4a (in LiCl) and 5.4b (in KCl). The 𝜎𝑝 in LiCl (𝜎𝑝,𝐿𝑖𝐶𝑙 ) and KCl (𝜎𝑝,𝐾𝐶𝑙 ) were found to be ~ 84.1±6.1 mC/m2 and ~ - 78.9±9.9 mC/m2 respectively. This indicates that 𝜎𝑝 does not change
appreciably with the electrolyte type and the observed differences between hSTf transport in LiCl
and KCl electrolyte could be mainly due to hSTf-electrolyte interactions. One must also be
attentive to the fact that 𝜁𝑝𝑜𝑟𝑒 depends on the process chemistry by which the membranes are
fabricated and by extension the host of physiochemical factors that underscore the origin of 𝜁𝑝𝑜𝑟𝑒 .
Thus, it is prudent to construct figures resembling 5.4a and 5.4b even for pores that are fabricated
through the same membrane-type using different methods since the fabrication method has been
shown to affect the final pore chemistry.27 These 𝜎𝑝 values were then used to calculate 𝜁𝑝𝑜𝑟𝑒 using
Eq 5.2 for each of electrolyte concentrations of KCl and LiCl (see table S5.1 for the calculated
values).
𝜁ℎ𝑆𝑇𝑓 was also estimated using a Zetasizer (see Methods Section for more details).46-48The
measured values are shown in Table S5.2 and support the notion of LiCl shielding the charge of
the charged biomolecules compared to KCl.49 Although these values are in agreement with what
we have obtained previously,3 it only satisfy the 𝜁ℎ𝑆𝑇𝑓 < 𝜁𝑝𝑜𝑟𝑒 condition which suggest that the
transport mechanism should be electroosmosis-dominant across all electrolyte concentrations (see
Table S5.1 for tabulated 𝜁𝑝𝑜𝑟𝑒 values). However, as seen in Figure 5.3a, this is not the case where
a clear shift in the mechanism from electrophoresis to electroosmosis was observed with
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decreasing LiCl concertation (with KCl been purely electrophoretic). Thus, even when providing
the correct sign, the magnitude of zeta-potential measurements may not be accurate to describe the
observed results. Although nanopore-based zeta potential calculation is possible,46-48 missed
events arising from the bandwidth limitation of the Axopatch 200B impede the proper estimation
of electrophoretic mobility essential for such calculations. Our efforts to calculate 𝜁ℎ𝑆𝑇𝑓 through
the translocation time based nanopore methods outlined in literature corroborated this notion
where the calculated values in 2 M KCl and 4 M LiCl were in unrealistic sub-μV regime
(calculations not shown). Due to the shortcomings of the 𝜁ℎ𝑆𝑇𝑓 estimation through above methods,
we present a 𝐶𝑅 vs 𝜁𝑝𝑜𝑟𝑒 method to calculate 𝜁ℎ𝑆𝑇𝑓 . Interestingly, the 𝐶𝑅 of hSTf in KCl (unlike
LiCl) drops at higher concentrations as seen in Figure 5.4c while 𝐶𝑅 in LiCl showed a linear
dependence. This result also supports the notion that electrolyte chemistry and 𝑉𝑎𝑝𝑝 should be
chosen with utmost care since proteins, unlike rigid particles and DNA undergo significant
molecular level changes especially with 𝑉𝑎𝑝𝑝 . Hereafter, we limit the discussion to LiCl. To
quantify the observed capture rates, we resorted to the diffusion-limited capture rate (𝑅𝑑𝑖𝑓𝑓 ) which
is given by

𝜋𝑟0 2 𝜇
𝐿

Δ𝑉.50 The electrophoretic mobility (𝜇) can be expressed using apparent zeta

potential and the dielectric constant of the medium (𝜀𝑑 ) as

𝜀𝑑 (𝜁ℎ𝑆𝑇𝑓 −𝜁𝑝𝑜𝑟𝑒 ) 45
.
𝜂

Thus, 𝑅𝑑𝑖𝑓𝑓 can now

be expressed as,
𝑅𝑑𝑖𝑓𝑓 =

𝜋𝑟0 2 𝜀𝑑 (𝜁ℎ𝑆𝑇𝑓 −𝜁𝑝𝑜𝑟𝑒 )
𝐿

𝜂

Δ𝑉

Eq. 5.3

Using each of the linear fit lines shown in Figure 5.4d, one can calculate the 𝜁ℎ𝑆𝑇𝑓 when 𝑅𝑑𝑖𝑓𝑓
𝑟

𝑒𝑣𝑒𝑛𝑡𝑠
approaches zero (𝑅𝑑𝑖𝑓𝑓 → 0). The zeta potential of hSTf at 𝑅𝑑𝑖𝑓𝑓 → 0 point (𝜁ℎ𝑆𝑇𝑓

→0

) was

found to be -26.2 mV (black trace, electrophoresis dominant fit) and -25.2 mV (magenta trace,
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electroosmosis dominant fit): both yielded appreciably close zeta potential values that are much
greater than those obtained from the Zetasizer. A zeta potential <-30 mV generally indicates an
𝑟

𝑒𝑣𝑒𝑛𝑡𝑠
unstable solution where analytes tend to aggregate irreversibly51 and given the fact 𝜁ℎ𝑆𝑇𝑓

→0

~-

30 mV, hSTf may be stable under the experimental conditions of Figure 5.4d. Since LiCl produced
statistically significant event counts across all electrolyte concentrations, 𝑅𝑑𝑖𝑓𝑓 → 0 may not be
the best way to determine 𝜉ℎ𝑆𝑇𝑓 . Equation 5.3 can be separated into electrophoretic and

Figure 5.4: Open-pore conductance (G) as a function of (a) LiCl conductivity and (b) KCl
conductivity. The solid line in each is the best fit to the data made using Eq 1with 𝜎𝑝 as the
sole free parameter. Full length of each error bar corresponds to the standard deviation of
the replicated measurements. (c) Event rate of hSTf in KCl (black) and LiCl (red) with the
zeta potential of the nanopore surface (𝜁𝑝𝑜𝑟𝑒 ) from 4 M to 2 M electrolyte concentrations at
+400 mV applied voltage. (d) Event rate of hSTf in 1 M to 4 M LiCl in response to +400 mV
(black) and -400 mV (red). The electrolyte concentrations of (c) and (d) are indicated
adjacent to the corresponding data point.
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electroosmotic components as

𝜋𝑟0 2 𝜀𝑑 Δ𝑉
𝐿𝜂

𝜁ℎ𝑆𝑇𝑓 (𝑅𝑑𝑖𝑓𝑓,𝐸𝑃 ) and

𝜋𝑟0 2 𝜀𝑑 Δ𝑉
𝐿𝜂

𝜁𝑝𝑜𝑟𝑒 (𝑅𝑑𝑖𝑓𝑓,𝐸𝑂 ) respectively.

Since the transport direction depends on the difference in the zeta potential of the nanopore surface
and the analyte (i.e., 𝜁ℎ𝑆𝑇𝑓 − 𝜁𝑝𝑜𝑟𝑒 ), when the condition 𝜁𝑝𝑜𝑟𝑒 ≈ 𝜁ℎ𝑆𝑇𝑓 is satisfied, the event rate
is expected to approach zero provided diffusion alone does not lead to an appreciable event rate.
To check the validity of this claim, we first calculated the frequency factor (𝑅𝑓0 ) from the barrier
penetration using, 𝑅𝑓0 = 𝐶𝐷𝐴/𝑙 where 𝐶 , 𝐷 and 𝐴 are bulk concentration of hSTf, diffusion
coefficient of hSTf and the cross-sectional area of the channel.52 For a ~14 nm diameter pore
through a 12 nm thick membrane with 100 nM hSTf, 𝑅𝑓0 was found to be ~12.4 s-1 (𝐷 was
estimated using the Stokes-Einstein equation and was found to be ~7.6×10-7 cm2 s-1 for hSTf).
Using event rate at the intersection point (~1.2 s-1) the activation energy (𝑈) was found to be
~2.4𝑘𝐵 𝑇 using 𝑅0 = 𝑘 ∙ 𝑅𝑓0 𝐸𝑥𝑝(−𝑈/𝑘𝐵 𝑇) with 𝑅0 , 𝑘 and 𝑘𝐵 the activation energy (𝑈) governed
zero voltage capture rate, probability factor (assumed to be 1) and Boltzmann constant. 52-54 Since
𝑈 > 𝑘𝐵 𝑇 we wouldn’t expect diffusion alone to produce an appreciable 𝐶𝑅 . The intersection point
in Figure 5.4.d (𝑅𝑑𝑖𝑓𝑓,𝐸𝑃 = 𝑅𝑑𝑖𝑓𝑓,𝐸𝑂 ) may in fact be a better representation of 𝜁ℎ𝑆𝑇𝑓 . The 𝜁𝑝𝑜𝑟𝑒 at
𝐸𝑃=𝐸𝑂
this intersection point was found to be ~-25.7 mV (𝜁ℎ𝑆𝑇𝑓
). The 𝜁ℎ𝑆𝑇𝑓 can also be used to estimate

the net charge of the protein assuming spherical shape of the protein and uniformly distributed
surface charge. 55 We used a similar framework at a weaker electric field (𝑉𝑎𝑝𝑝 = ±50 𝑚𝑉) from
𝐸𝑃=𝐸𝑂
which 𝜁ℎ𝑆𝑇𝑓
was found to be ~-25.9 mV (Figure S5.11). However, one must understand that Eq.

5.3 is not properly applicable to weak electric fields. At lower voltages (i.e., voltage approaching
0 mV), the transport mechanism become barrier limited. In such cases, the Van’t Hoff Arrhenius
formalism is more applicable which is given by 𝑅𝑏𝑎𝑟 = 𝑘 ∙ 𝑅𝑓0 𝐸𝑥𝑝(−(𝑈 − 𝛥𝑈)/𝑘𝐵 𝑇), where
𝑅𝑏𝑎𝑟 and 𝛥𝑈, are the barrier-limited capture rate and, activation energy, respectively. The 𝛥𝑈 is
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typically given by 𝑞. ∆𝑉 where 𝑞 and ∆𝑉 are the effective charge of the molecule and applied
voltage to the electrodes. Thus, with increasing applied voltage, the capture rate would expect to
increase exponentially. However, if the limiting case of translocation is diffusion, the Eq. 5.3 is
applicable and a linear increase of capture rate with applied voltage is observed.
Modeling of Change in Conductance. As our previous study with hSTf showed voltage-driven
unfolding of protein with increasing applied voltage,3 to minimize such, we now operated at a low
𝑉𝑎𝑝𝑝 (±50 mV) using 0.5 M-4 M LiCl.3 The change in conductance because of hSTf translocations
exhibited a bimodal distribution (see Figure S5.12 and SI Section 5.3 for fit details). The lower
ΔG (∆𝐺𝑝,𝑐 ) did not show a significant dependence on the electrolyte conductivity whereas the
higher G (∆𝐺𝑝,𝑓 ) showed a proportional relationship with electrolyte conductivity (Figure S5.13).
The ∆𝐺𝑝,𝑓 , given the low applied voltage, could correlate to globular-like translocations since
voltage-driven unfolding would be negligible at weak electric fields (i.e., the protein is closer to
its native state). If we disregard surface contributions – both from pore wall and particle – the
conductance change of the second population (𝛥𝐺𝑝,𝑓 ) can be expressed as:
𝛾·𝛬

𝛥𝐺𝑝,𝑓 = 𝐾 (𝐿+1.6𝑟 )2 𝑆𝑟,𝑑

Eq. 5.4

0

where 𝛬, 𝛾, and 𝑆𝑟,𝑑 are the excluded volume, shape factor (assumed to be 1.5 for spheres),56 and
the correction factor (dependent on the relative values of the nanopore and molecular radii and
assumed to be 1). As seen through the derivation shown in SI section 6, it is evident, equation 5.4
holds only for spherical particles. However, caution should be exercised when analyte and pore
radii become comparable as equation S5.5 (and by extension equation S5.6) may not hold true.
Although it is a common practice to use Eq 4 to model 𝛥𝐺𝑝,𝑓 , at low salt concentrations, the surface
charge effects must be considered to better estimate 𝛥𝐺𝑝,𝑓 .48 Furthermore, Eq 5.4 was initially
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derived about five decades ago for micron-scale tubes (Eq. S5.10) but not for nanopores.57 The
numerical assignment for 𝛾 (1.5) is purely based on mathematical manipulation (Eq. S5.11) arising
by considering the transiting molecule as a sphere and therefore assigning a value other than 1.5
needs substantial shape-dependent refinement for the derivation that leads to Eq. 5.4 (see SI
Section 6 for a detailed discussion). Therefore, considering 𝛾 as a variable in the current form of
Eq.5.4 – a common practice in literature – is questionable as well. Detailed information regarding
the assumptions related to Eq.5.4 and various models used to estimate conductance change can be
found elsewhere.58-59 Circumventing the limitations of Eq. 5.4, 𝛥𝐺𝑝,𝑓 for a protein with a radius rp
translocating through a pore with radius 𝑟0 and length 𝐿 submerged in an electrolyte of
conductivity 𝐾 was derived to be (see SI Section 6 for the detailed derivation),
−1

𝛥𝐺𝑝,𝑓 = 𝐺 − 𝐾𝑒𝑓𝑓 ( 𝜋𝑟2

1

0 + 𝜇|𝜎| ∙2𝜋𝑟0
𝐿
𝐾𝑒𝑓𝑓 𝐿

+

2
𝛼∙2𝑟0 +𝛽∙

𝜇|𝜎|
𝐾𝑒𝑓𝑓

)

Eq.5.5

where 𝐾𝑒𝑓𝑓 is the effective conductivity for a pore with an insulating sphere in a solution with
conductivity 𝐾. As shown in equation S5.15 in SI section 6, Using Maxwell’s approximation, K eff

Figure 5.5: Fits made to 𝛥𝐺𝑝,𝑓 (corresponding to the histograms shown in Figure S5.12) as
a function of the conductivity of LiCl at pH ~8 using (a) Eq.5. 4 and (b) Eq.5. 5 with 𝑟𝑝 as
the free parameter. The fit was done by having rp as the sole free parameter. In the case of
Eq. 5.4, Sr,d and γ were set to 1 and 1.5 respectively and Λ was substituted by the volume
of a sphere. Full length of each error bar corresponds to the standard deviation of the
replicated measurements.
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4r3p

can be written in terms of volume fraction (f) of an insulating sphere (3r2 L) in a solution with
0

conductivity, K can be expressed as K eff =

K

. The raw data (𝛥𝐺𝑝,𝑓 ) was fitted with both

3
(1+ f+⋯ )
2

Eq.5. 4 (𝑆𝑟,𝑑 set to 1, Figure 5.5a) and Eq. 2.5 (Figure 5.5b). The resulting 𝑟𝑝 values were ~3.84
(Eq. 5.4) and ~3.14 (Eq.5. 5). While both models yielded similar R2 values (~0.987), the 𝑟𝑝 value
produced by our model (Eq. 5.5) is in close agreement with the reported value for hSTf based on
its molecular volume (~3.2 nm)3, 38. For simplicity, in Eq.5.5, we have neglected contributions
from the protein charge as proteins do not have a uniform charge or shape. Further refinement of
Eq. 5.5, we believe, is beyond the scope of this paper, as it would require substantial analytical
modelling.
5.5 Conclusions
In this study using silicon nitride nanopores fabricated using the CT-CDB process, we have
demonstrated the responsiveness of the holo form of hSTf in LiCl and KCl concentrations ranging
from 4M to 0.5M at pH ~8. While the responsiveness was found to be purely electrophoretic for
KCl, in LiCl, a transition from electrophoretic to electroosmotic was observed at low electrolyte
concentrations (typically <2M) while at intermediate concentrations (e.g., 2M and 2.5M) events
were observed for both voltage polarities suggesting diffusion plays a vital role in the translocation
mechanism at such concentrations. To further understand this reversal of translocation mechanism
with decreasing electrolyte concentration, the zeta potential of both the nanopore surface (𝜁𝑝𝑜𝑟𝑒 )
and holo-hSTf (𝜁ℎ𝑆𝑇𝑓 ) were calculated. The 𝜁𝑝𝑜𝑟𝑒 was calculated by surveying the open pore
nanopore conductance (G) with electrolyte concentration and by fitting the raw data with eq 5.1 to
obtain the surface charge density (𝜎𝑝 ). Then 𝜁𝑝𝑜𝑟𝑒 was calculated for the range of LiCl and KCl
concentrations used herein. The 𝜁ℎ𝑆𝑇𝑓 was measured (Zetasizer) and subsequently calculated using
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the correlation between 𝜁𝑝𝑜𝑟𝑒 and the diffusion-limited capture rate ( 𝑅𝑑𝑖𝑓𝑓 ). We used the
relationship between 𝑅𝑑𝑖𝑓𝑓 and 𝜁𝑝𝑜𝑟𝑒 as an alternative way to estimate 𝜁ℎ𝑆𝑇𝑓 . The 𝑅𝑑𝑖𝑓𝑓 was found
to decrease with increasing 𝜁𝑝𝑜𝑟𝑒 (due to the increase in with decreasing electrolyte concentration
which consequently increases 𝜁𝑝𝑜𝑟𝑒 ) and by extrapolating the 𝑅𝑑𝑖𝑓𝑓 to zero (point where 𝜁𝑝𝑜𝑟𝑒 ≈
𝑟

𝑒𝑣𝑒𝑛𝑡𝑠
𝜁ℎ𝑆𝑇𝑓 ), the 𝜁ℎ𝑆𝑇𝑓 found (𝜁ℎ𝑆𝑇𝑓

→0

). Although mathematically 𝑅𝑑𝑖𝑓𝑓 can be extrapolated to zero,

for electrolytes such as LiCl, it is not a pragmatic approximation as events are produced for either
voltage polarity under the concentration range considered in this study. Therefore, we looked at
the event rate components corresponding to electrophoresis ( 𝑅𝑑𝑖𝑓𝑓,𝐸𝑃 ) and electroosmosis
(𝑅𝑑𝑖𝑓𝑓,𝐸𝑂 ) and determined the 𝜁𝑝𝑜𝑟𝑒 at which the two contributions become equal (the intersection
point of the rate profiles). At this point, the diffusion would be optimal and 𝜁𝑝𝑜𝑟𝑒 = 𝜁ℎ𝑆𝑇𝑓 . The
𝐸𝑃=𝐸𝑂
𝜁ℎ𝑆𝑇𝑓 at the intersection point (𝜁ℎ𝑆𝑇𝑓
) was found to be ~25.7 mV. We then ventured into

modelling the conductance change (ΔG) because of hSTf translocations. The conventionally used
Eq. 5.4 was found to have shortcomings for its adaptation to nanopore-based profiling and a new
equation was proposed to quantify the conductance change due to protein translocation process
(Eq. 5.5).
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Section 1: Lowpass Filtering and the Translocation Time
The rise-time of the lowpass filter can be written as
𝑇𝑟 = 0.3321/𝑓𝑐

Eq. S5.1

where 𝑓𝑐 is the cutoff frequency of the filter. Events with trasnlocation time <2𝑇𝑟 are known to be
seriously attenuated which is ~66 µs (𝑓𝑐 =10 kHz) in our case. Here we used a calibration method
where the Axopatch 200B (Molecular Devices, USA) was fed with square-pulses of known height
(Δ𝐼𝑓𝑢𝑛𝑐 ) and width (𝜏𝑓𝑢𝑛𝑐 ) using a function generator (HP 33120a). The data were filtered using
the in-built Bessel low-pass filter of the Axopatch 200B at 10 kHz and recorded using a digitizer
(Digidata 1440A) at a sampling frequency of 250 kHz. The translocation time (𝜏𝑐𝑎𝑙 ) was calculated
using a custom MATLAB script (R2020b) using the two sides of the blockade method (TSB,
Figure S5.1, magenta points) and full width at half maximum (FWHM, Figure S5.1, blue points)
methods.1 The ideal trend of 𝑡𝑓𝑢𝑛𝑐 with 𝜏𝑐𝑎𝑙 is shown by the black fitline of Figure S5.1 (slope =1)
where we see a close agreement with the values calculated by the FWHM method whereas the
TSB clearly over estimates the pulse width as previously observed by Pedone et al.1

Figure S5.1: A plot of 𝑡𝑓𝑢𝑛𝑐 against 𝜏𝑐𝑎𝑙 calculated using the two side of the blockade method
(magenta) and the full width at the half maximum (FWHM) method (blue). The ideal trend is
depicted by the solid black fitline (slope =1).
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Section 2 : Current Traces

Figure S5.2: Current traces (30 s) corresponding to hSTf in (a) 4M LiCl, (b) 1M LiCl and (d)
2M KCl under applied voltages noted on each of the figure panels. All electrolytes were
buffered at pH ~8

Figure S5.3: Extended current traces (100 s) corresponding to hSTf in (a) 4M LiCl, (b) 3M
LiCl (c) 2.5M LiCl and (d) 2M LiCl under an applied voltage of +400 mV at pH ~8
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Figure S5.4: Extended current traces (100 s) corresponding to hSTf in (a) 4M LiCl, (b) 3M
LiCl (c) 2.5M LiCl and (d) 2M LiCl under an applied voltage of +400 mV at pH ~8

Figure S5.5: 25-second current traces corresponding to hSTf translocations in (a) LiCl and (b)
KCl. The vertical bar at the top corresponds to 1000 pA. (c-d) Scatter plots corresponding to
change in conductance as a result of analyte transit with the corresponding translocation time.
All experiments were conducted at pH 8 using ~14 nm diameter pores.
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Figure S5.6: Extended current traces (900 s) corresponding to hSTf in (a) 4M LiCl, (b) 3 M
LiCl and (c) 2M LiCl under an applied voltage of +50 mV at pH ~8

Figure S5.7:: Extended current traces (900 s) corresponding to hSTf in (a) 4M LiCl, (b) 3 M
LiCl and (c) 2M LiCl under an applied voltage of +50 mV at pH ~8
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Section 3 : Lowpass Filtering and the Translocation Time
𝐴𝑖 exp(−(𝛥𝐼𝑖 − 𝜇𝑖 )2 /𝜎𝑖2 )

Eq. S2

where 𝐴𝑖 , 𝜇𝑖 , 𝜎𝑖 and 𝛥𝐼 are the amplitude, mean, standard deviation and change in open-pore
current due to analyte translocation of the ith component respectively. The histograms
corresponding to change in open-pore current due to hSTf translocation (Figure S3.9) were fitted
using a bimodal Gaussian mixture model (GMM) with each in the form of Eq. S2 using the in-

Figure S5.8: Scatter Plots of change in conductance vs translocation time corresponding to (a)
2M KCl, (b) 4M LiCl, and (c) 1 M LiCl at applied voltages indicated in each panel. All
experiments were carried out pH~8 using ~14 nm diameter nanopores
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built FindDistributionParameters function of Mathematica 11.0.1.0. The two peaks of the fit were
assigned as ∆𝐼𝑝,𝑐 and ∆𝐼𝑝,𝑓 respectively in order of increasing ΔI. The ∆𝐼𝑝,𝑐 was attributed to the
unfolded conformation whereas ∆𝐼𝑝,𝑓 to the pseudo-folded conformation. The term pseudo-folded

Figure S5.9: Histograms and the corresponding Gaussian mixture model (GMM) fits
corresponding to change in conductance as a result of hSTf translocations in (a) 2M KCl, (b)
4M LiCl and (c) 1M LiCl. The y axis represents normalized counts. All experiments were
carried out pH~8 using ~14 nm diameter nanopores
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was coined since the conformation would be deviated from the native globular state due to voltage
application. The ∆𝐼𝑝,𝑐 and ∆𝐼𝑝,𝑓 can be trasnlated into change in conductance components (∆𝐺𝑝,𝑐
and ∆𝐺𝑝,𝑓 respectively) by dividng each from the appropriate applied voltage.
Section 4: ζpore, σhSTf and Electrolyte Concentration
The surface charge density (𝜎𝑝 ) of the nanopore is tightly correlated with EO and can be
approximated as |𝜎𝑝 | ≅

𝐶eff

𝛽 𝑒

𝑊 ( 𝐶𝑇 exp((𝑝𝐻 − 𝑝𝐾𝑎 ) ln(10) + ln (𝑒𝛤))), where 𝑊, 𝐶eff , 𝑒, 𝛽𝑇 ,
𝛽𝑒
eff

𝑝𝐾𝑎 are the Lambert W function, effective Stern layer capacitance, elementary charge, inverse of
thermal energy and -log of the dissociation constant of the surface chargeable head group,
respectively.2 The surface parameters are also sensitive to electrolyte composition and Grahame’s
equation captures this dependence through 𝜎𝑝 =

2𝜖𝑟 𝜖0 𝜅
𝛽𝑒

𝛽𝑒𝜙𝑝𝑜𝑟𝑒

𝑠𝑖𝑛ℎ (

2

) where 𝜖𝜖0, 𝜙𝑝𝑜𝑟𝑒 and 𝜅 are

the permittivity of the solution, the surface potential of the pore and Debye screening length,
respectively. Debye length (𝜅 −1) can be calculated from 𝜅 2 =

𝛽𝑒 2 𝑛𝑀𝑋
𝜖𝑟 𝜖0

where 𝑛𝑀𝑋 is the numerical

concentration of the electrolyte MX. 3-5 It is somewhat customary to assume 𝜙𝑝𝑜𝑟𝑒 ≈ 𝜁𝑝𝑜𝑟𝑒 where
𝜁𝑝𝑜𝑟𝑒 is the zeta potential of the nanopore surface.3, 6 For lower potentials, Grahame equation can
be approximated to
𝜎𝑝

𝜁𝑝𝑜𝑟𝑒 = 𝜖

Now,

𝑟 𝜖0

𝜅 −1

Eq. S5.3

sinh (

𝛽𝑒𝜁𝑝𝑜𝑟𝑒
2

)=

𝛽𝑒𝜁𝑝𝑜𝑟𝑒
2

+

𝛽𝑒𝜁𝑝𝑜𝑟𝑒 3
)
2

(

3!

+ ⋯~

𝛽𝑒𝜁𝑝𝑜𝑟𝑒
2

Eq. S5.4

since 𝜅 −1 and 𝑛𝑀𝑋 have an inverse relationship, as electrolyte concentration decreases, 𝜅 −1 would
increase and thereby 𝜁𝑝𝑜𝑟𝑒 would increase too for a given operational pH. Therefore, when the
electrolyte concentration is low enough to satisfy the 𝜁ℎ𝑆𝑇𝑓 < 𝜁𝑝𝑜𝑟𝑒 condition, the hSTf
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translocation would be EO-dominant and events would be observed for negative voltage polarities
instead of positive polarities.

Table S5.1 : Zeta potential of the nanopore surface (𝜁𝑝𝑜𝑟𝑒 ) calculated using Eq. S5.3 through
𝜎𝑝 obtained using open-pore conductance surveying using LiCl and KCl.
C (M)

0.5

1

1.5

2

2.5

3

4

LiCl 𝜉𝑝𝑜𝑟𝑒 (mV) 52.3±3.8 37.0±2.7 30.2±2.2 26.1±1.9 23.4±1.7 21.4±1.6 18.6±1.3
KCl

𝜉𝑝𝑜𝑟𝑒 (mV) 50.5±5.9 35.7±4.2 29.1±3.4 25.2±3.0 22.6±2.6 20.6±2.4 17.9±2.1

Table S5.2 : The zeta potential measured using the Zetasizer in 50 mM LiCl, 50 mM KCl
and KCl with conductivity equivalent to 50 mM LiCl.
Electrolyte

Zeta Potential (𝑚𝑉)

50 mM LiCl

-4.7±0.8

50 mM KCl

-6.2±1.3

KCl at 50 mM LiCl conductivity

-5.6±0.8

Section 5: Quantification of Capture Rate

The three commonly used methods for quantification of capture rate are i) averaged inter-event
time, ii) events per unit time, and iii) slope of events versus absolute time. Since there is some
latent time before event frequency reaches its maximum value, calculation of (i) or (ii) would lead
to a considerable standard deviation of the averaged values. However, this variability could be
easily reduced through approach (iii) as the plot would show the lag phase clearly through a slow
increase in event count with time and; once the capture rate reaches its optimal value, the event
count would increase linearly with time. The slope of this phase is taken and presented as the
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capture rate.

Figure S5.10: Event count with absolute time. The magenta line is a linear fit made to the data
shown in black

Figure S5.11: Event rate of hSTf in 4 M to 0.5M LiCl in response to +50 mV (black) and 50 mV (red). Experiments were conducted at pH ~8 using ~14 nm diameter and the solid lines
are a linear fit to the raw data
Section 6: Derivation of Equation 5
Change in bulk resistance (ΔR) due to the passage of a sphere with a radius rp, through a
channel with length L and radius r0 filled with an electrolyte with a conductivity of 𝐾 is given by,7
2𝑟 3

∆𝑅 = 𝐾𝜋𝑟𝑝4

Eq. S5.5

0
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Therefore, the conductance change of the bulk component, ∆𝐺𝐵,𝑃 will be,
𝜋𝑟 4

∆𝐺𝐵,𝑃 = 𝐾 2𝑟03

Eq. S5.6

𝑝

For a channel with length L and radius r0, the open-channel conductance (Gchannel) while
considering the end effect is given by,8
𝜋𝑟 2

0
𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝐾 (𝐿+1.6𝑟
)

Eq. S5.7

0

Dividing Eq. S6 from Eq. S7 leads to,
∆𝐺𝐵,𝑃
𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙

2𝑟 3

= (𝐿+1.6𝑟𝑝

Eq. S5.8

2
0 )𝑟0

Thus,
2𝑟 3

∆𝐺𝐵,𝑃 = (𝐿+1.6𝑟𝑝

2
0 )𝑟0

𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙

Eq. S5.9

Substituting Eq. S7 to Eq. S9,
2𝑟 3

∆𝐺𝐵,𝑃 = (𝐿+1.6𝑟𝑝

0

𝜋𝑟 2

0
∙ 𝐾 (𝐿+1.6𝑟
)𝑟 2
)

Eq. S5.10

0

0

2𝜋𝑟 3

4

2

𝜋𝑟𝑝3

1.5·𝛬

𝛾·𝛬

3
∆𝐺𝐵,𝑃 = 𝐾 (𝐿+1.6𝑟𝑝 )2 = 𝐾 4/3 (𝐿+1.6𝑟
= 𝐾 (𝐿+1.6𝑟
)2
0

2
0)

0

= 𝐾 (𝐿+1.6𝑟)2

Eq. S5.11

The assignment of 1.5 for 𝛾 for a sphere arises from Eq. S5.11.
The fundamental problem with using this equation for a nanopore lies with Eq. S5.7 which is
derived for a micron-scale tube. However, for a nanopore, the open pore conductance is given by
−1

𝐺𝑛𝑎𝑛𝑜𝑝𝑜𝑟𝑒 = 𝐾 (𝜋𝑟2

1

0 +𝜇|𝜎|∙2𝜋𝑟0
𝐿
𝐾
𝐿

+

2
𝜇|𝜎|
𝛼∙2𝑟0 +𝛽∙
𝐾

)

= (𝐺

1

bulk +𝐺surface
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+𝐺

1

access

−1

)

Eq. S5.12

Unlike DNA, proteins do not have a uniform charge and the shape is dependent on a host of factors.
Therefore, estimation of charge as a function of its geometry requires computations outside the
scope of this study. Thus, in this work we neglect any contributions from the surface charge of
proteins. Given this approximation, conductance change as a result of protein confinement can be
written as,

Δ𝐺𝑝 = 𝐺 − (𝐺′

1

𝑏𝑢𝑙𝑘 +𝐺surface

+𝐺

−1

1

access

)

Eq. S5.13

′
𝐺𝑏𝑢𝑙𝑘
is the bulk conductance as a result of the protein confinement which can be written as,7

′
𝐺𝑏𝑢𝑙𝑘
= 𝐾𝑒𝑓𝑓

𝜋𝑟02

Eq. S5.14

𝐿

where 𝐾𝑒𝑓𝑓 the effective conductivity. Using Maxwell’s approximation, 𝐾𝑒𝑓𝑓 can be written in
4𝑟 3

terms of volume fraction (𝑓) of an insulating sphere (3𝑟 2𝑝𝐿) in a solution with conductivity, 𝐾 can
0

be expressed as,9

𝐾𝑒𝑓𝑓 =

𝐾

Eq. S5.15

3
(1+ 𝑓+⋯ )
2

Thus,

′
𝐺𝑏𝑢𝑙𝑘
=

𝐾

𝜋𝑟02

3
(1+ 𝑓+⋯ )
2

𝐿

Eq. S5.16

Thus using Eq. S5.13 through Eq. S5.16, the Δ𝐺𝑝 can be expressed as
−1

Δ𝐺𝑝 = 𝐺 − 𝐾𝑒𝑓𝑓 ( 𝜋𝑟2

1

0 + 𝜇|𝜎| ∙2𝜋𝑟0
𝐿
𝐾𝑒𝑓𝑓 𝐿

+

2
𝛼∙2𝑟0 +𝛽∙

𝜇|𝜎|
𝐾𝑒𝑓𝑓

)
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Eq. S5.17

We note, considering the nanopore to be an ionic conductor (where in-series and parallel resistance
contributions must be considered appropriately as outlined in Eq. S5.17), the drop in one
component does not contribute in the same magnitude to the drop in the total resistance of the pore.
Therefore, the linear addition of contributions for the final 𝛥𝐺𝑝,𝑓 must be done with utmost
diligence. That is, if ΔG due to physical blockage of the nanopore volume from the analyte is
𝛥𝐺𝑏,𝑎 , and nanopore surface charge and particle are 𝛥𝐺𝑠,𝑛𝑝 and 𝛥𝐺𝑠,𝑎 respectively, then total
change in conductance, 𝛥𝐺𝑝,𝑓 ≠ 𝛥𝐺𝑏,𝑎 + 𝛥𝐺𝑠,𝑛𝑝 + 𝛥𝐺𝑠,𝑎 rather 𝛥𝐺𝑝,𝑓 = 𝛥𝐺𝑏,𝑎 ∕∕ (𝛥𝐺𝑠,𝑛𝑝 ∕∕
𝛥𝐺𝑠,𝑎 ) where ‘∕∕’ indicate parallel ionic resistor contributions. For simplicity, we would only
consider the first six terms of the volume fraction and neglect contributions from the protein
charge.

Figure S5.12: Histograms corresponding to the change in conductance originating from
translocation of hSTf (scatter plots shown in Figure S5) under experimental conditions outlined
in respective legends
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Figure S5.13: The ∆𝐺 with LiCl conductivity corresponding to distributions shown in Figure
S5.12 with black and magenta points representing ∆𝐺𝑝,𝑐 and ∆𝐺𝑝,𝑓 respectively.
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6.1 Abstract
Electrolyte chemistry plays an important role in the transport properties of analytes through
nanopores. Here, we report the translocation properties of the protein human serum transferrin
(hSTf) in asymmetric LiCl salt concentrations with either positive (Ctrans/Ccis < 1) or negative
chemical gradients (Ctrans/Ccis > 1). The cis side concentration was fixed at 4 M for positive
chemical gradients and at 0.5 M LiCl for negative chemical gradients, while the trans side
concentration varied between 0.5 M to 4 M which resulted in 6 different configurations,
respectively, for both positive and negative gradient types. For positive chemical gradient
conditions, translocations were observed in all six configurations for at least one voltage polarity
whereas with negative gradient conditions, dead concentrations where no events at either polarity
were observed. The flux of Li+ and Cl- ions and their resultant cation or anion enrichment zones,
as well as the interplay of electrophoretic and electroosmotic transport directions, determine
whether hSTf can traverse across the pore.
KEYWORDS: Transferrin, Nanopore, Concentration gradient, Electrophoresis, Electroosmosis
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6.2 Introduction
High throughput is a coveted feature for diagnostic devices, especially in modern times
where rapid test kits capable of delivering results in under 15 minutes are in high demand. Even
before the COVID-19 pandemic, the development of such techniques captured immense attention
and materialized through a diversity of approaches. Some of the examples include a host of rapid
diagnostic tests (RDTs), such as loop-mediated isothermal amplification (LAMP)1, lateral flow
immunoassay (LFIA)2-3, enzyme immunoassay (EIA)4, and real-time reverse transcriptionpolymerase chain reaction (r(RT-)PCR)5. Nanopores have gained tremendous traction as a device
class capable of rapidly registering information at the single-molecule level with a fraction of the
cost and instrument footprint compared to most other single-molecule techniques. A nanopore in
its simplest form is a nanoscale aperture spanning an otherwise impervious membrane. Its
application repertoire spans genomics

6-9

, proteomics 10-16, glycomics 17-20, virology 21-23 and soft

particles 24-25. Improving the throughput of nanopores has gained little attention compared to the
plethora of research documented over the last two decades. Notable efforts include the use of
asymmetric salt conditions 26, dielectrophoresis (with nanopipettes) 27, molecular crowding 28, flow
rate modulation in nanopores integrated with microfluidic devices
chemistry for nanopore fabrication

26-27, 30

29

, and tuning electrolyte

. Of these methods, the asymmetric salt approach has

captured the most attention, perhaps due to the relative ease of implementation and the
demonstrated throughput enhancement benchmarked with DNA

26

. DNA is the gold standard

ubiquitously used in nanopore research to benchmark new advancements and developments, due
to the well characterized size, charge, length and translocation conformations under a host of
conditions. Proteins play an important role in biological systems, functioning as biomarkers for
viral infections, cancer, and other biomedical conditions. However, unlike DNA, they do not have
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a uniform charge distribution and their net charge is highly dependent on the isoelectric point.
Moreover, electrolyte chemistry and matrix components (e.g., inhibitors) can substantially
influence the structure and translocation behavior of proteins. Thus, conditions optimized for
DNA may not necessarily be applicable in the same way given the structural complexity associated
with proteins.
In this study, we investigated the influence of asymmetric salt conditions on protein
translocation (e.g., throughput, signal-to-noise ratio (SNR)). While salt asymmetry is well
benchmarked with DNA, its implications on protein translocations have not been investigated. On
the DNA front (under asymmetric salt conditions), Wanunu et al. demonstrated a considerable
enhancement in DNA capture rate and detection of picomolar concentrations of DNA 26, Sha et al.
were able to improve the signal-to-noise ratio (SNR)

31

and, McMullen et al. demonstrated

osmotically driven DNA without an external voltage 32. Interestingly, Zhang et al. demonstrated
that conductive pulses can be observed under high salt conditions by increasing the trans side
electrolyte concentration. This observation contradicted the widely accepted theory for conductive
pulses: (excess charge introduced by the analyte offsets the ionic current blockade by the presence
of the analyte) and was attributed to the enhancement of the electroosmotic flow in the outer
nanopore section (the nanopore section between the DNA and the inner pore wall) which
outweighs the significance of the ions introduced by the double layer of the DNA. More recently,
Lastra et al. proposed a theory where a flux imbalance in favor of the cation (K+) could produce
conductive events

33

. While these observations were made with electrophoretic transport, the

underlying translocation properties in the electroosmotic direction under an asymmetric salt
condition have not been investigated. Interestingly, our findings show that the electroosmotic
direction generates the highest capture rate (𝐶𝑅 ) despite having the salt configuration that would
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otherwise adversely affect the throughput if translocations were in the electrophoretic direction.
That is, although a lower cis side concentration compared to the trans side would increase the
capture rate with DNA, in the case of proteins, we saw the opposite behavior which further
strengthens the need to investigate asymmetric salt conditions with proteins.
We chose the holo form of human serum transferrin (hSTf) as the model protein. The hSTf
is a blood glycoprotein that binds to iron with a high affinity constant (1020 M-1) at physiological
pH, is comprised of 679 amino acids, and has a molecular weight of ~80 kDa 34. In our previous
work, we investigated the translocation behavior of hSTf under a host of pH, electrolyte chemistry
(type and concentration), applied voltage, nanopore dimension (thickness and diameter), and
nanopore fabrication conditions 10-11, 35. Thus, the transport properties of hSTf are well documented
in symmetric salt conditions and provide us with a frame of reference to explore the transport
properties under asymmetric salt conditions. We kept the electrolyte concentration on the cis side
(Ccis) constant at either 4 M or 0.5 M while adjusting the concentration on the trans side (Ctrans)
between 0.5 M to 4 M, thus covering a wide range of Ctrans/Ccis. While most studies have focused
on Ctrans/Ccis >1 as it would increase the throughput, here we note that the less explored Ctrans/Ccis
<1 has implications on SNR, transport mode, and capture rate. We observed that a reversal in the
transport mechanism from electroosmosis to electrophoresis leads to an increase of SNR and CR
by ~2× and ~21 × respectively at Ctrans/Ccis~0.125 (i.e., Ctrans/Ccis ~1/8), in comparison to
Ctrans/Ccis~8 condition.
6.2 Materials and methods
Nanopore Fabrication and Size Estimation
Nanopores were fabricated through nominally ~12 nm thick silicon nitride (SixNy) chips
(NBPX5001Z-HR, Norcada, CA) using the chemically-tuned controlled dielectric breakdown
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method (CT-CDB) 30. In brevity, fabrication was carried out using electric fields <0.8 V/nm with
2:9 (v:v) sodium hypochlorite (425044, Sigma Aldrich, USA) : 1 M KCl (P9333, Sigma Aldrich,
USA ) buffered at pH ~7 (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
H0527 Sigma Aldrich, USA). After pore fabrication, the electrolyte was exchanged thoroughly
with 1 M KCl buffered at pH~7 (10 mM HEPES) and current-voltage (I-V) curves were obtained
for each pore. The slope of the curve (conductance, G) was then used to estimate the pore size
(assuming a cylindrical model),
−1

𝐺 = 𝐾 (𝜋𝑟2

1

0 +𝜇|𝜎|∙2𝜋𝑟0
𝐿
𝐾
𝐿

+

2
𝜇|𝜎|
𝛼∙2𝑟0 +𝛽∙
𝐾

)

= (𝐺

1

bulk +𝐺surface

+𝐺

1

access

−1

)

Eq. 6.1

where 𝐺, 𝐾, 𝐿, 𝑟0 , 𝜎, 𝜇, 𝛼 and 𝛽 are the ionic conductance, electrolyte conductivity, nanopore
length, nanopore radius, nanopore surface charge density, surface counterion mobility, and modeldependent parameters (both set to 2), respectively. The 𝜎 of Equation 6.1 can be expressed as,
|𝜎| ≅

𝐶eff

𝛽𝑒

𝑊 (𝐶 exp((𝑝𝐻 − 𝑝𝐾𝑎 ) ln(10) + ln (𝑒𝛤))) where 𝑒 , 𝛤 , 𝑝𝐾𝑎 , 𝛽 , 𝐶eff , and 𝑊 are the
𝛽𝑒
eff

elementary charge, number of surface chargeable groups, the dissociation constant of those groups,
inverse of the thermal energy, effective Stern layer capacitance, and Lambert W function,
respectively. The diameters of the pores used in this study were ~17 nm.
Electrolyte and Protein Preparation
All electrolytes were prepared by dissolving salts as supplied from Sigma Aldrich (LiCl, 213233
and KCl, P9333) in ultra-pure water (ARS-102 Aries high purity water systems) with a resistivity
of >18 MΩ cm. The pH was adjusted by the dropwise addition of HCl (H1758, Sigma Aldrich,
USA) or KOH (306568, Sigma Aldrich, USA) and measured using an Orion Star™ pH meter. The
hSTf protein was purchased from Sigma Aldrich (T0665) and was dissolved in ultrapure water to
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prepare a stock solution of 2.5 µM. All stock solutions were stored at 5°C and used within 7 days
of preparation.

Figure 6.1: (A) Schematic of a typical nanopore with an asymmetric salt concentration, where
the analyte is added to the cis side and driven through the nanopore in response to a suitable
voltage bias applied to the trans side. Current-voltage (I-V) curves corresponding to the (B)
positive chemical gradient (Ctrans/Ccis < 1, Ccis fixed at 4 M) and (C) negative salt gradient
(Ctrans/Ccis >1, Ccis fixed at 0.5 M). (D) The reversal potential (𝑉𝑟𝑒𝑣 ) with Ctrans/Ccis. The linear
fit made to the experimental 𝑉𝑟𝑒𝑣 points yielded a slope of ~58.6 mV.
Electrical Measurements
An Axopatch 200B amplifier (Molecular Devices LLC, USA) was used for data
acquisition. Data were acquired at a rate of 250 kHz and filtered with the inbuilt Bessel filter of
the Axopatch 200B at 100 kHz. The data were digitized using a Digidata 1440A (Molecular
Devices LLC, USA) which was controlled through the Clampex software (version 10.7.0.3,
Molecular Devices, USA). EventPro 2.0, a MATLAB-based app, was then used to extract the
duration (Δt) and depth (ΔI) of the resistive pulses (i.e., events) recorded in each time trace 36. I-V
curves were obtained by ramping the voltage from -200 mV to +200 mV in 40 mV increments
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using the Axopatch 200B. Data for I-V curves were acquired at a rate of 1 kHz using a custom
Labview Script (Version 2016, National Instruments, USA) and digitized using a BNC-2110
(National Instruments, USA)
6.3 Results and discussion
Nanopore Operation
A schematic of the nanopore is shown in Figure 6.1A. Protein is added to the cis side and
a suitable voltage bias is applied to the trans side to drive the protein across the pore, perturbing
the open-pore ionic current. The translocation process can be described in three steps: (i) free
diffusion of the analyte from the bulk to the capture zone, (ii) drift dominated transport as it gets
funneled to the nanopore, and (iii) translocation through the nanopore if the applied voltage is
sufficient to overcome the entropic penalty and/or electrostatic barriers.
Reversal Potential
As shown in Table S1, the LiCl concentration on the cis side was kept fixed at either 4 M
or 0.5 M and six different concentrations (0.5 M, 1 M, 2 M, 2.5 M, 3 M, and 4 M) on the trans
side were investigated. Thus, ten different asymmetric salt conditions (and two symmetric
conditions) were investigated: five with a positive chemical gradient (Ctrans/Ccis <1) and five with
a negative chemical gradient (Ctrans/Ccis >1). Here we defined the reference chemical gradient
direction to be from cis to trans (grounded) direction. I-V measurements show a voltage offset at
zero current in the case of asymmetric salt conditions. This is called the reversal voltage (𝑉𝑟𝑒𝑣 ), the
applied potential at which the net current is zero. The non-zero 𝑉𝑟𝑒𝑣 is due to the chemical potential
generated by the asymmetric salt concentration conditions. I-V curves were measured for a ~9.4
nm diameter pore, for both positive and negative chemical gradient conditions starting with
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Ctrans/Ccis =1. The 𝑉𝑟𝑒𝑣 follows a Nernstian relationship, 𝑉𝑟𝑒𝑣 = −2.303 𝑛𝐹 × log (

where R, T, n, and F are the universal gas constant, absolute temperature, charge of the species,
and Faraday constant, respectively. By fitting the 𝑉𝑟𝑒𝑣 at each of the Ctrans/Ccis with the Nernstian
relationship (Figure 6.1D), the slope was estimated to be ~58.6 mV, which is in excellent
agreement with the predicted value of ~59 mV at 298K.
Transport across a concentration gradient
In previous studies with asymmetric salt concentrations, in addition to an increase in
electrophoresis, the role of diffusion-phoresis and diffusion-osmosis were also discussed as
contributing mechanisms for DNA transport
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. The work of Wanunu et al. have shown that

Ctrans/Ccis >1 would lead to a higher 𝐶𝑅 (for DNA), compared to the symmetric salt condition with
it (i.e., 𝐶𝑅 ) increasing as Ctrans/Ccis increases 26. The hypothesis states that the cation would travel
along both electrical and potential gradients from the trans side to the cis side under a positive bias
applied to the trans side, effectively polarizing the pore opening on the cis side positively and
increasing the capture of the negatively charged DNA. Here, we explore the transport mechanism
of hSTf in both positive and negative chemical gradient conditions at ±200 mV and ±50 mV.
Experiments conducted at ±50 mV did not result in significant events for all of the salt gradient
conditions (SI section 2). The positive and negative voltage bias mentioned hereafter will refer to
+200 mV and -200 mV, respectively.
Positive Chemical gradient (Ctrans/Ccis <1)
We first attempted the Ctrans/Ccis <1 condition by maintaining a constant electrolyte
concentration in the cis side (4 M LiCl) and varying the trans side LiCl concentration from 4 M to
0.5 M, as seen in Figure 6.2. This was mainly because the Ctrans/Ccis <1 condition has not been
broadly studied since 𝐶𝑅 is expected to decrease with decreasing Ctrans/Ccis. While this would hold
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true for electrophoretic transport of a negatively charged analyte, a change in the transport
mechanism may lead to unexpected transport properties, as shown later. For example, our previous
study showed that at negative voltage bias, hSTf translocated in the electroosmotic direction when
the LiCl concentration was ≤1.5 M

35

.Since the nanopore surface is negatively charged at the

operational pH (~7), its counter-ion layer would be positively charged. Therefore, at lower LiCl
concentration (≤1.5 M in this case), a negative voltage bias applied to the trans side results in an
electroosmotic flow from cis to trans.

Figure 6.2: Current traces corresponding to a positive chemical gradient (Ctrans/Ccis <1) under
(A) positive voltage bias and (B) negative voltage bias. Current traces corresponding to a
negative chemical gradient (Ctrans/Ccis >1) under (C) positive voltage bias and (D) negative
voltage bias. The nanopore diagrams for each configuration show the ion flux along both
chemical and electric potential gradients.
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Taking the selective ion flux (Li+ or Cl-, depending on the voltage bias and salt asymmetry
configuration) and the transport direction (electrophoretic or electroosmotic) into consideration,
we would qualitatively explain the observed event patterns in Figure 6.2A (i.e., positive chemical
gradient (Ctrans/Ccis <1) under a positive bias). Under a positive bias applied to the trans side, hSTf
would travel in the electrophoretic direction (to the trans side) while the Cl- would flow along the
chemical and potential gradients to the trans side opposing electroosmosis, if any. The Cl- flux
would also repel the negatively charged hSTf. As the trans concentration is reduced, the Cl- flux
magnitude would increase (higher chemical gradient), leading to a higher Cl- concentration in the
pore vicinity and ultimately to a decrease in 𝐶𝑅 as seen in Figure 6.2A and Figure 6.3B (black
trace). When the LiCl concentration in the trans side approaches ~1M, events are completely
suppressed. On the contrary, as seen in Figure 6.2B (i.e., positive chemical gradient (Ctrans/Ccis <1)
under a negative bias), when a negative voltage is applied, hSTf transport would be aligned with
the electroosmotic direction. The Li+ flux along both gradients would also cooperate with the
electroosmotic transport direction. Thus, as the LiCl concentration is reduced in the trans
compartment, Li+ flux magnitude would increase, leading to a higher Li+ concentration in the pore
vicinity. This would increase the 𝐶𝑅 as seen in Figure 6.2B and subsequently in Figure 6.3B
(magenta trace). Interestingly, when comparing Figures 6.2A and 6.2B, it is clear that while events
begin to diminish in response to a positive voltage bias, they begin to increase in response to a
negative voltage bias.
Negative Chemical gradient (Ctrans/Ccis >1)
Now we turn our attention to the more widely used Ctrans/Ccis >1 configuration by holding
the cis side concentration at a constant concentration of 0.5 M LiCl and varying the trans
concentration between 4 M and 0.5 M LiCl. When a positive bias is applied to the trans side
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(electrophoretic direction of hSTf), Li+ ions travel along both chemical and electric gradients from
the trans to the cis side, positively polarizing the cis side pore opening. Thus, the highest 𝐶𝑅 would
be observed under the positive bias when the Ctrans/Ccis is at its highest value (i.e., 8). As Ctrans is
decreased, the Li+ flux along the chemical gradient would also decrease, leading to a decrease in
𝐶𝑅 . Concurrently, as the Ctrans is decreased, the electroosmotic transport opposing the
electrophoretic transport would increase, thereby contributing to the observed decrease in 𝐶𝑅 . In
Figure 6.3C (black trace), when Ctrans reaches ~2M (i.e., Ctrans/Ccis ~4) the 𝐶𝑅 diminishes
completely in the positive voltage domain. Unlike in the positive chemical gradient configuration,
in some of the Ctrans/Ccis ratios events were absent under both positive and negative bias. In the
negative chemical gradient configuration, under a negative bias, Cl- would travel along both the
electric and chemical potential gradients from the trans to the cis side, negatively polarizing the
pore opening. This would essentially electrostatically repel the transport of hSTf, since it (i.e.,
hSTf) is also negatively charged. Unless the electroosmotic flow could overcome this repulsion,
we would not observe events under the negative bias.
The aforementioned observations could be summarized as the following:
i)

A positive chemical gradient (Ctrans/Ccis <1) leads to:
a) A higher 𝐶𝑅 in the negative bias as the trans LiCl concentration (Ctrans) decreases.
In this configuration, Li+ flux is from the cis to the trans side along both potential
gradients and cooperative with the electroosmotic transport direction.
b) 𝐶𝑅 decrease as Ctrans decreases under a positive bias, due to an increase in Clconcentration in the pore vicinity.

ii)

A negative chemical gradient (Ctrans/Ccis >1) causes:
a) 𝐶𝑅 to decrease as Ctrans decreases under a positive bias, since i) Li+ flux under both
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potential gradients (from trans to cis side) would decrease, leading to less positive
polarization on the cis opening with decreasing Ctrans, and ii) an increase in
electroosmotic transport opposing the electrophoretic transport would occur with a
decrease in Ctrans.
b) Dead concentrations to be observed where no events occur for either voltage bias,
perhaps due to the electrophoretic and electroosmotic driving forces canceling each
other.
c) 𝐶𝑅 to be much lower in the negative voltage bias compared to the positive chemical
gradient, perhaps due to the flux of Cl- from the trans to the cis side along both
potential gradients which would negatively polarize the cis opening and
electrostatically repel the negatively charged hSTf.
Our findings with the asymmetric salt gradient reveal that the less investigated Ctrans/Ccis <1
configuration can, in fact, contribute to a considerable increase in 𝐶𝑅 of analyte molecules
travelling in the electroosmotic direction. The maximum 𝐶𝑅 is obtained at the configuration
0.5M/4M (Ctrans/Ccis) under a negative bias (Figure 6.3B), and we denote it as 𝐶𝑅,(0.5𝑀/4𝑀),−𝑉 (or
𝐶𝑅,𝑚𝑎𝑥 ). Figure 6.3D illustrates the enhancement in 𝐶𝑅 in the Ctrans/Ccis <1 conditions by showing
the ratio of 𝐶𝑅,𝑚𝑎𝑥 to the 𝐶𝑅 at all other configurations. We see that in comparison to the highest
capture rate in the electrophoretic domain (𝐶𝑅 at 4M/4M and positive voltage, 𝐶𝑅,(4𝑀/4𝑀),+𝑉 ),
𝐶𝑅,(0.5𝑀/4𝑀),−𝑉 is ~27.5 times greater. Also, compared to the highest capture rate in the
electroosmotic domain in a negative chemical gradient condition (𝐶𝑅 at 0.5M/0.5M and negative
voltage, 𝐶𝑅,(0.5𝑀/0.5𝑀),−𝑉 ), 𝐶𝑅,(0.5𝑀/4𝑀),−𝑉 is ~439 fold greater (Figure 6.3A). Previously, a ~30×
increase in capture rate has been demonstrated for DNA under 4M/0.2M (Ctrans/Ccis) under a
positive applied voltage 26. However, here we show that even while operating at a lower trans to
182

cis ratio (0.125 (i.e., 1/8) compared to 20 in the case of DNA), the current operational configuration
(i.e., 0.5M/4M (Ctrans/Ccis)) under electroosmotic transport direction, increases 𝐶𝑅 by a similar
magnitude. Thus, not only the ratio (Ctrans/Ccis), but also the applied voltage bias and transport

Figure 6.3: (A) 1 s current traces corresponding to hSTf translocations at 4 M/4 M
configuration at positive applied voltage (black trace, top row), 0.5 M/4 M configuration at
negative applied voltage (blue trace, middle row), and 0.5 M/0.5 M configurations at negative
applied voltage (black trace, bottom row) show enhancement in capture rate for the second
configuration. Capture rate (𝐶𝑅 ) corresponding to (B) positive chemical gradient ( Ctrans/Ccis
≤1), (C) negative chemical gradient ( Ctrans/Ccis ≥1) and (D) ratio of the maximum capture
rate (which was obtained at the 0.5 M/4 M ( Ctrans/Ccis ) configuration under negative bias) to
the capture rates obtained at each configuration in the positive chemical gradient condition.
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direction play a crucial role in the final 𝐶𝑅 .
Exponential rate parameter, peak current drop, and signal-to-noise ratio
In this section, we limit our discussion to the positive chemical gradient (Ctrans/Ccis <1)
since all concentrations produced statistically significant events for at least one of the voltage
biases. We did not observe any dead concentrations as we did with the negative chemical gradient
configuration. The histograms corresponding to current drop (ΔI) were fitted with a function in the

Figure 6.4: (A) Rate of exponential component (𝜆, from the fit of ΔI as described in main text
as SI Section 3), (B) 𝛥𝐼𝑝 , peak current drop. Inset shows the 𝛥𝐼p separately for positive and
negative voltages, except the value at Ctrans/Ccis = 0.125, (C) SNR with Ctrans/Ccis for the
positive chemical gradient (Ctrans/Ccis ≤1), and (D) Noise of baseline, defined as two times the
standard deviation of baseline current (noise of baseline, see SI Section 4 for more details).
The black trace correspond to positive voltage bias and the magenta trace corresponds to the
negative voltage bias.
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exponential component, means, variance, and complementary error function (see SI section 3 for
more details), respectively. When 𝜆 approaches 1, the distribution becomes a normal distribution,
while as 𝜆 approaches zero, the distribution becomes analogous to a Boltzmann distribution. Thus,
a lower 𝜆 indicates a higher deviation from the normal distribution. While all ΔI distributions are
broad (SI Figure S6.2), which is indicative through 𝜆 as well, we see that hSTf transporting in the
electrophoretic direction produces narrower ΔI distributions compared to those of the
electroosmotic transport direction (Figure 6.4A). The broadening of the ΔI distribution is also
indicative of multiple translocating configurations. Since, in the electroosmotic realm, both
electrophoretic and electroosmotic forces act in opposing directions on the protein, the protein
would be subjected to more unfolding compared to instances of purely electrophoretic transport
(i.e., high salt cases where electroosmosis would be negligible). Thus, although 𝐶𝑅 can be
increased by tuning conditions to be electroosmotic dominant, it could lead to peak broadening
and translocation of multiple hSTf configurations.
We saw that the peak ΔI (𝛥𝐼𝑝 ; peak of fits made to ΔI distributions as shown in SI Figure
S6.2) decreased with decreasing Ctrans/Ccis in the electrophoretic transport realm (black trace of
Figure 6.4B). On the contrary, we observed a slow rate of increase for 𝛥𝐼𝑝 as Ctrans/Ccis decreased
to ~0.25 and, thereafter, a drastic increase in 𝛥𝐼𝑝 at Ctrans/Ccis ~0.125 (Ctrans/Ccis =0.5M/4M), as
seen in Figure 6.4B. Although it is not clear as to why such an increase in the 𝛥𝐼𝑝 was observed in
this configuration, it was observed to be reproducible across two independent pores. This opened
the question as to whether or not the open-pore current increased because of the salt asymmetry.
We estimated the open-pore current noise as shown in SI Section 4 and defined the SNR as
𝛥𝐼𝑝 /𝑁𝐵 , where 𝑁𝐵 is the baseline noise. The 𝑁𝐵 decreased with decreasing Ctrans/Ccis for positive
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bias (electrophoretic direction) and increased with decreasing Ctrans/Ccis for negative bias
(electroosmotic direction), as seen in Figure 6.4D. The activation of surface head groups can lead
to higher noise properties since it has been previously shown that the surface Hooge parameter has
a greater contribution to the overall noise when compared to the bulk Hooge parameter, further
emphasizing the role of surface chemistry on the noise associated with nanopore devices
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Thus, one could expect that with increasing probability for electroosmotic transport direction (i.e.,
where surface groups are important), noise would also increase through nanopore surface
contributions (Figure 6.4D). In the electrophoretic domain, no appreciable change in SNR is
observed with Ctrans/Ccis (black trace, Figure 6.4D), while in the electroosmotic transport domain,
SNR increases with decreasing Ctrans/Ccis.
6.4 Conclusion
In summary, we demonstrated the translocation of the protein hSTf through solid-state
nanopores in the presence of asymmetric concentrations of LiCl electrolyte. We studied five salt
gradient configurations with a positive chemical gradient (Ctrans/Ccis <1) and five configurations
with a negative chemical gradient (Ctrans/Ccis >1), in addition to two symmetric salt concentrations.
Such a wide range of concentration gradients allowed us to comprehensively explore protein
transport through solid state nanopores. I-V measurements showed that a non-zero reversal voltage
𝑉𝑟𝑒𝑣 is produced by the chemical potential generated by the asymmetric salt concentration
condition and that this 𝑉𝑟𝑒𝑣 followed a Nernstian relationship. It was observed that the positive salt
gradient configurations (Ccis fixed at 4 M LiCl) resulted in hSTf translocations in all six
concentrations: in four configurations for at least one voltage polarity, and in two configurations
(2.5M/4M and 2M/4M) for both voltage polarities. The negative salt gradient (Ccis fixed at 0.5 M
LiCl) yielded significant events in only three of the configurations, and while the remaining three
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configurations were dead concentrations in which we were unable to observe aby translocations
for either voltage bias. Experiments with hSTf in the positive chemical gradient configurations
showed that while 𝐶𝑟 decreased with decreasing Ctrans/Ccis for electrophoretic translocations
(positive applied voltage), it substantially increased with decreasing Ctrans/Ccis with negative
applied voltage, due to creation of a cation enrichment zone in the trans side. In the case of positive
bias voltage, an increase in Cl- flux with decreasing Ctrans/Ccis repels negatively charged hSTf,
resulting in a reduced capture rate. On the other hand, in the case of a negative chemical gradient
with a positively applied voltage, 𝐶𝑟 decreases with decreasing trans concentration due to a lower
Li+ ion concentration in the cis side. Additionally, the increase in electroosmotic transport
opposing the electrophoretic flow could result in dead concentration configurations. With negative
applied voltage, the Cl- flux from trans to cis would result in the electrostatic repulsion of hSTf
molecules, resulting in dead or extremely low concentrations. Overall, 𝐶𝑟 for positive chemical
gradients were found to be much higher than that of negative chemical gradients, with the 𝐶𝑟 for
the 0.5 M/4 M configuration at -200 mV (103 s-1) being ~21 folds higher than the highest 𝐶𝑟
obtained with a negative chemical gradient (4.87s-1 for 0.5M/4M). Further investigations of
translocation properties under a positive chemical gradient showed distinct trends for the
electrophoretic and the electroosmotic transport realms. The rate of the exponential component of
the current drop distribution showed that protein unfolding could result for translocations
occurring in the electroosmotic transport direction. The peak current drop, ΔIp, decreased with
decreasing Ctrans/Ccis when a positive voltage was applied. On the other hand, when a negative
voltage was applied with decreasing Ctrans/Ccis, ΔIp increased gradually up to 1 M/4 M (Ctrans/Ccis
= 0.25) and then drastically at 0.5 M/4 M (Ctrans/Ccis = 0.125). In the electrophoretic domain
(positive voltage bias), open-pore noise increased with increasing Ctrans/Ccis,; meanwhile, for
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negative voltage bias the noise increased with decreasing Ctrans/Ccis, which could be attributed to
the contribution of the surface Hooge parameter with an increase in electroosmotic transport. The
SNR, on the other hand, showed no appreciable change in the electrophoretic domain, but
increased significantly with decreasing Ctrans/Ccis in the electroosmotic domain.
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Section 1: Salt gradient configurations
Table S1 shows the twelve different salt gradient configurations investigated in this paper.
Table S6.1 : Column 1 shows the trans side
concentration of LiCl. The resulting
concentration gradient Ctrans/Ccis is obtained by
keeping the cis side concentration fixed at 4 M
(Column 2) and 0.5 M (Column 3) for each
trans side concentration shown in Column 1.
Ccis (4 M)

Ccis (0.5 M)

Ctrans (M)

Ctrans /Ccis

Ctrans /Ccis

4

1

8

3

0.75

6

2.5

0.625

4

2

0.5

3

1

0.24

2

0.5

0.125

1

Section 2: Representative current traces at ±50 mV applied voltage

Figure S6.1:: 120 s long current traces corresponding to hSTf translocations in positive
chemical gradient (Ctrans/Ccis ≤1) under (a) +50 mV applied voltage bias and (b) -50 mV
applied voltage bias. The salt gradient configuration for each trace is provided in the inset.
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Section 3: Representative current traces at ±50 mV applied voltage
The histograms corresponding to current drop (ΔI) in Figure S2 were developed by using the
built-in Histogram function of Mathematica 11.3. Each of the distributions was then fitted with
an exGaussian function of the form,

𝐴𝑒

𝜆
2

( (2𝜇+𝜆𝜎2 −2Δ𝐼))

𝜇+𝜆𝜎2 −Δ𝐼

𝐸𝑟𝑓𝑐 (

√2𝜎

)

Eq. S6.1

where 𝐴, 𝜆, 𝜇 𝜎 2 and 𝐸𝑟𝑓𝑐 are amplitude, rate of exponential component, means, variance, and
complementary error function, respectively. The fitting was done using the inbuilt function
NonlinearModelfit of Mathematica in Automatic mode.

Figure S6.2: Histograms of resulting from hSTf translocating through a ~17 nm nanopore
at an applied voltage of +200 mV (blue) and -200 mV (magenta) for a posititve chemical
gradient (rows 1 and 2) and a negative chemical gradient (row 3). The Ctrans/Ccis
configurations and applied voltages are shown in the inset. The histograms were fitted with
an exGaussian function as described in this section.
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Section 4: Estimation of open-pore current noise
The open-pore current noise 𝑁𝐵 was calculated using the following relation,
𝑁𝐵 = 2𝜎𝐼

Eq. S6.2

where 𝜎𝐼 is the mean of the standard deviation of the open-pore current, measured at twenty 1 s
current segments of a particular salt gradient configuration.
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CHAPTER 7: CONCLUSIONS

Due to their ability to detect single molecules with high sensitivity, high throughput and in a labelfree manner, solid-state nanopores have emerged as an attractive sensing technique over the past
two decades. Compared to analytes such as DNA, viruses and liposomes, protein sensing is more
complex and difficult primarily due to the charge heterogeneity and fast translocations through
nanopores. In this thesis, protein sensing is demonstrated in a comprehensive manner. A protocol
is developed for fabrication of ultra-stable and reliable nanopores in SixNy membranes primarily
aimed at protein detection. Proteins were discerned based on their different conformations and the
mechanism of protein transport in different electrolyte types and concentrations through solid-state
nanopores have been investigated in detail.
In this work, it is shown that a simple modification of the controlled dielectric breakdown
(CDB) method of nanopore fabrication results in nanopores devoid of most of the legacy issues
associated with solid-state nanopores. Addition of sodium hypochlorite to 1 M KCl electrolyte in
the ratio of 2:9 during the fabrication of nanopores in ~10-12 nm in thick SixNy membranes by the
CDB method improved the nanopore surface chemistry from amphoteric to monoprotic surface
termination. The resulting pores exhibited steady open-pore currents for long measurement times,
less frequent clogging instances, greater analyte sensitivity and consistently longer sensing times.
This modified DCB method is called the chemically-tuned controlled dielectric breakdown method
(CT-CDB). The low-frequency noise characteristics of the CT-CDB nanopores were studied as a
function of solution pH, electrolyte type, electrolyte concentration, applied voltage and pore
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diameter. The contribution of the nanopore surface to the 1/f noise was found to ~3 orders of
magnitude larger than previously reported values while the bulk contribution to the noise was
found to be comparable.
This thesis demonstrated that SixNy based solid-state nanopores are capable of profiling the
pH and voltage responsiveness of the human serum transferrin (hSTf) protein and distinguishing
between the iron-free (holo) and iron-rich (apo) forms of hSTf. The voltage and pH dependent
protein unfolding is studied in detail and changes in conformations were evident from change in
conductance and excluded volume analysis.
The transport of hSTf protein was investigated in different concentrations of LiCl and KCl
salt solutions, ranging from 4 M to 0.5 M at pH ~8. It was seen that the responsiveness of hSTf
was purely electrophoretic in KCl for the range of concentrations investigated. In LiCl, a transition
from electrophoretic to electroosmotic transport mechanism was observed at low electrolyte
concentrations (< 2M). At the intermediate concentrations of LiCl (2M and 2.5M), hSTf
translocations were observed for both voltage polarities, suggesting the role of diffusion at such
concentrations. Zeta potential of the nanopore (𝜁𝑝𝑜𝑟𝑒 ) and hSTf (𝜁ℎ𝑆𝑇𝑓 ) hSTf were estimated and
compared at all concentrations to understand the reversal of translocation mechanism. 𝜁ℎ𝑆𝑇𝑓 was
calculated using the correlation between 𝜁𝑝𝑜𝑟𝑒 and the diffusion-limited capture rate (𝑅𝑑𝑖𝑓𝑓 ) and
was found to be ~25.7 mV. A new equation was also proposed to quantify the conductance change
due to hSTf translocation through the nanopore. The transport of hSTf was also studied in the
presence of asymmetric concentrations of LiCl electrolyte. Positive chemical gradient (Ctrans/Ccis
< 1) and negative chemical (Ctrans/Ccis > 1) gradient configurations were explored, and interesting
results were obtained due to preferential ion transport as a result of the interplay of chemical and
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potential gradients. Significant increase in the capture rate was seen for negative chemical
gradients at negative applied voltages as the trans concentration is decreased.
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